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ABSTRACT

Understanding the genetic and environmental factors responsible for
differences in size, morphology and behavior can aid in determining how
alternative male mating strategies evolve in natural populations. One important
environmental factor is nutrition, as it underlies growth of both body size and
morphological traits that are linked to alternative mating strategies in many
animals. In sailfin mollies, Poecilia latipinna, male size is fixed at maturity, highly
variable within populations and correlated with dorsal fin morphology and
expression of alternative male mating behaviors. Large males with exaggerated
dorsal fins use courtship behavior while small males with reduced dorsal fins use
sneaking behaviors. Intermediate males are more flexible, switching from
courting to sneaking depending on social situation. In my thesis research I used
a breeding design to determine (1) the genetic (G), environmental (E) and GxE
effects on the development of life history traits including body size, (2) if
differences due to diet (low protein versus high protein) can shift the allometric
relationship between morphological trait and body size and (3) the G, E and GxE
determinants in the expression of alternative mating strategy. In males, genetic
effects influenced the expression of courtship display rate while diet during
ontogeny affected mass growth rate as well as several morphological traits
including the shape of the dorsal fin. As predicted, the slope of the relationship
between dorsal fin area and standard length shifted more than the relationship
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between non-ornamental traits (e.g., gonopodium length) and body size with
male offspring reared on the control diet exhibiting steeper slopes than those
who received the experimental diet during ontogeny. Females also showed
differences in mass growth rate due to diet, but morphological trait allometry was
not shifted for most characters. Overall, environment played a larger role than
expected for male traits that were thought to be genetically controlled, providing
an exciting avenue for future research.

iii

DEDICATION

This thesis is dedicated to my grandfather, Donald N. Lange and my
parents, Cameron L. Lange and Pamela M. Lange. Papa, you taught me from an
early age to inquire about the natural world and help others through volunteering.
Dad, you shared with me your love of biology and the Lange work ethic. Mom,
your inspiring return to college and Monkeys, Apes and Man course is the reason
I am pursuing a career in animal behavior. Together with dad and the rest of the
family, your unending support and encouragement gave me the strength to leave
home and pursue my dreams. You have all made me the person I am today and
gave me the drive to complete my degree. Thank you.

iv

ACKNOWLEDGMENTS

I would like to acknowledge all of the people who helped me complete my
thesis research. First and foremost, I want to especially thank my advisor,
Margaret Ptacek. Your enthusiasm for sciences and passion for poeciliids made
me fall in love with these charming little fish. Thank you for your continual
support and encouragement to do better. Finally, thank you for letting me leave.
I would also like to thank my committee members, Michael Childress and Billy
Bridges for their help with the experimental design and statistical analysis. I am
especially grateful to Hannah Warren, Eric Rice, Rachel Hite and Grant Davidson
for taking measurements, watching video, helping with behavior trials and making
sure the fish had clean tanks as well as Kelly Hogan and Tyler Collins for reading
an earlier draft of this document. I would like to acknowledge Jenn Seda for
teaching me all she knew about the care and maintenance of the mollies and
John Smink for helping feed. A big thank you to Kristine Moody for the advice,
countless lunches and support needed to help me finish my degree. I would also
like to thank Danny Greinert for his encouragement and support throughout this
process. Finally, I would like to thank all my family for instilling in me a love of
science and a passion for sharing my knowledge with others.

v

TABLE OF CONTENTS

Page
TITLE PAGE ....................................................................................................... i
ABSTRACT ........................................................................................................ ii
DEDICATION .................................................................................................... iv
ACKNOWLEDGMENTS .................................................................................... v
LIST OF TABLES............................................................................................ viii
LIST OF FIGURES ........................................................................................... xi
CHAPTER
I.

UNDERSTANDING THE EFFECTS OF GENES AND
DIET ON THE EVOLUTION OF MORPHOLOGICAL
AND BEHAVIORAL POLYMORPHISMS ..................................... 1
Introduction................................................................................... 1
The Study System ........................................................................ 9
Breeding Design ......................................................................... 21
Collection of Fish .................................................................... 21
Housing Conditions ................................................................ 23
Diets ....................................................................................... 24
Sires and Dams ...................................................................... 24
Rearing of Offspring ............................................................... 26
Goals and Objective of My Study ............................................... 28
Literature Cited ........................................................................... 34

II.

THE EFFECTS OF GENES, DIET AND THEIR INTERACTION
ON LIFE HISTORY TRAITS IN THE SAILFIN MOLLY,
POECILIA LATIPINNA ............................................................... 45
Introduction................................................................................. 45
Methods...................................................................................... 51
Statistical Analyses................................................................. 54
Results ....................................................................................... 54
Discussion .................................................................................. 71

vi

Table of Contents (Continued)
Page
Literature Cited ........................................................................... 81
III. DIET-INDUCED ALLOMETRIC SHIFTS
OF MORPHOLOGICAL TRAIT EXPRESSION
IN THE SAILFIN MOLLY, POECILIA LATIPINNA ........................ 88
Introduction................................................................................. 88
Methods...................................................................................... 95
Statistical Analyses................................................................. 98
Results ....................................................................................... 99
Discussion ................................................................................ 123
Literature Cited ......................................................................... 132

IV. GENETIC AND ENVIRONMENTAL
DETERMINANTS IN THE EVOLUTION
OF ALTERNATIVE MATING STRAGIES
OF THE SAILFIN MOLLY, POECILIA LATIPINNA .................... 138
Introduction............................................................................... 138
Methods.................................................................................... 144
Statistical Analyses............................................................... 147
Results ..................................................................................... 148
Discussion ................................................................................ 155
Literature Cited ......................................................................... 165
APPENDICES ................................................................................................ 172
A:

B:

C:

Male Boldness and Sociability ....................................................... 173
Methods.................................................................................... 173
Results ..................................................................................... 177
Literature Cited ......................................................................... 181
Male Activity ................................................................................... 182
Methods.................................................................................... 182
Results ..................................................................................... 183
Female Mate Choice ...................................................................... 186
Methods.................................................................................... 186
Results ..................................................................................... 187

vii

LIST OF TABLES

Table

Page

2.1

Number of sires, families and offspring reared ................................ 56

2.2

Descriptive statistics for male standard length
and mass .................................................................................... 57

2.3

Descriptive statistics for male time to maturity ................................. 58

2.4

Descriptive statistics for male standard length
and mass growth rates ............................................................... 59

2.5

Results of REML analysis for male standard
length and mass ......................................................................... 60

2.6

Results of REML analysis for male time to
maturity....................................................................................... 61

2.7

Results of REML analysis for male standard
length and mass growth rates .................................................... 62

2.8

Descriptive statistics for female standard length
and mass .................................................................................... 63

2.9

Descriptive statistics for female time to maturity .............................. 64

2.10

Descriptive statistics for female standard length
and mass growth rates ............................................................... 65

2.11

Results of REML analysis for female standard
length and mass ......................................................................... 66

2.12

Results of REML analysis for female time to
maturity....................................................................................... 67

2.13

Results of REML analysis for female standard
length and mass growth rates .................................................... 68

3.1

Number of sires, families and offspring measured
for morphological traits ............................................................. 103

viii

List of Tables (Continued)
Table

Page

3.2

Narrow-sense allometric analysis for male traits ............................ 104

3.3

Narrow-sense allometric analysis for female traits ......................... 105

3.4

Results of Shapiro-Wilk’s W test for male traits ............................. 106

3.5

Results of Shapiro-Wilk’s W test for female traits .......................... 107

3.6

Broad-sense allometric analysis for male traits.............................. 108

3.7

Broad-sense allometric analysis for female traits ........................... 110

3.8

Descriptive statistics and mean differences for
male traits ................................................................................. 112

3.9

Descriptive statistics and mean differences for
female traits .............................................................................. 113

4.1

Number of sires, families and offspring measured
for alternative mating strategy .................................................. 150

4.2

Descriptive statistics for male thrust and courtship
display rates ............................................................................. 151

4.3

Results of REML analysis for male thrust and
courtship display rates .............................................................. 152

4.4

Results of REML analysis for male courtship
display rates with outliers removed........................................... 164

A.1

Number of sires, families and male offspring measured
for boldness and sociability ...................................................... 178

A.2

Results of REML analysis for male inspection
times with stimulus type as covariate ....................................... 179

A.3

Results of REML analysis for male inspection
times with stimulus type and standard length
as covariates ............................................................................ 180

ix

List of Tables (Continued)
Table

Page

B.1

Number of sires, families and male offspring measured
for activity level ......................................................................... 184

B.2

Results of REML analysis for male activity
level .......................................................................................... 185

C.1

Number of sires, families and female offspring
measured for boldness and sociability...................................... 188

C.2

Results of REML analysis for male inspection
times with object male type as covariate .................................. 189

C.3

Results of REML analysis for male inspection
times with object male type and standard
length as covariates.................................................................. 190

x

LIST OF FIGURES

Figure

Page

1.1

The insulin-like growth factor pathway ............................................... 5

1.2

Distribution map of sailfin molly species .......................................... 10

1.3

Digital photographs of Poecilia latipinna males................................ 13

1.4

Allometric relationships between male traits and
standard length ........................................................................... 15

1.5

Sequences of mc4r in Poecilia and Xiphophorus
species ....................................................................................... 19

1.6

Map of north Florida showing sample population............................. 22

2.1

Digital photograph of mature male and female
Poecilia latipinna offspring .......................................................... 53

2.2

Average mass growth rate for male offspring by
sire size class and diet ............................................................... 69

2.3

Average mass growth rate for female offspring
by sire size class and diet........................................................... 70

3.1

Schematic of linear measurements .................................................. 97

3.2

Narrow-sense allometric relationship for male
depth of the caudal peduncle ................................................... 114

3.3

Narrow-sense allometric relationship for female
fin ray number .......................................................................... 115

3.4

Broad-sense allometric relationship for male
depth of the caudal peduncle ................................................... 116

3.5

Broad-sense allometric relationship for male
pre-dorsal distance ................................................................... 117

xi

List of Figures (Continued)
Figure

Page

3.6

Broad-sense allometric relationship for male
depth at mid-body ..................................................................... 118

3.7

Broad-sense allometric relationship for male
length of the dorsal fin .............................................................. 119

3.8

Broad-sense allometric relationship for male
length of the last dorsal fin ray .................................................. 120

3.9

Broad-sense allometric relationship for male
body area ................................................................................. 121

3.10

Broad-sense allometric relationship for male
dorsal fin area ........................................................................... 122

4.1

Average male courtship display rate by sire size
class and diet ........................................................................... 153

4.2

Scatterplot of male courtship display rate by
standard length and sire size class........................................... 154

A.1

Diagram of dichotomous choice tank used for
boldness and sociability trials ................................................... 176

xii

CHAPTER ONE

UNDERSTANDING THE EFFECTS OF GENES AND DIET ON THE
EVOLUTION OF MORPHOLOGICAL AND BEHAVIORAL POLYMORPHISMS

Introduction

Across taxa, body size has a strong influence on an animal’s life history
and in many systems there is strong directional selection for increased size
(Stanley 1973; Kingsolver & Diamond 2011). Larger individuals in a population
often have an advantage in survival to maturity, obtaining food, defending
territories, attracting mates and increased fecundity (invertebrates: McLachlan &
Neems 1989; Wada et al. 2005; fish: Sogard 1997; Nelson 1995; amphibians:
Emlen 1976; reptiles: Janzen 1993; Blouin-Demers et al. 2005; birds:
Wheelwright et al. 2003; mammals: Haley et al. 1994; Modig 1996). However, in
certain environments and systems, size may not confer mating benefits (Itzkowitz
& Makie 1986; Knapp & Warner 1991) or even may incur a cost (e.g., larger
individuals being more susceptible to predation; Reznick & Endler 1982;
Blanckenhorn 2000). Thus, understanding the role that body size plays in the
underlying expression of life history traits and reproductive strategies is crucial to
determining how and why polymorphisms in morphology and behavior within
populations evolve.
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In mating systems, body size plays an important role in intraspecific
interactions where a male’s size can determine his rank, access to females or
mating success. It is often the case that larger males are more successful in
mating attempts because they are usually more dominant (Kallman & Borkoski
1978; Haley et al. 1994), more likely to hold a harem (Lindenfors et al. 2002),
better able to provision the female (Fedorka & Mousseau 2002) or more
preferred by females (Reynolds & Gross 1992; Ryan & Keddy-Hector 1992). In
extreme cases, large variance in intrasexual body size within a species can lead
to differences in behavior, especially for male mating behavior (Shuster & Wade
2003). For such alternative behaviors, body size can be correlated with the
behavioral strategy, where larger males adopt one mating strategy and small
males another (Gross 1996). Generally, large males are courter or territorial
males and smaller males are sneaker or satellite males. These mating systems
can arise when heritable intrasexual variation in morphology and behavior of
individuals exists (Shuster & Wade 2003). Alternative strategies can be fixed—
where separate developmental trajectories lead to different morphology (e.g.,
sunfish: Gross 1991; midshipman fish: Bass 1991)—or context specific—where
behaviors differ based on the current environment (e.g., pupfish: Leiser &
Itzkowitz 2004).
From a proximate level, an individual’s size is often the result of the
interplay between genetic and environmental factors (Wimberger 1992;
Rousseau & Dufour 2007). Genetic components to body size differences have
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been found in many animal systems (reviewed in Mousseau & Roff 1987;
Weigensberg & Roff 1996). However, even with genes that predispose an
individual to grow faster and/or reach a larger size, without proper nutrition,
growth and body size are often decreased (Robertson 1960; Boag 1987).
Therefore, individuals who are able to obtain a more nutrient-rich diet may be
able to increase their fitness by reaching an adult size more quickly or reaching a
larger size at maturity (Emlen 1997; Moczek 1998). Additionally, better nutrition
during development can translate into larger, flashier ornaments or weapons that
can be used to obtain matings (Hill & Mongomerie 1994; Emlen 1997; Moczek
1998; Cotton et al. 2004; Naguib & Nemitz 2007). Thus, ingesting a more
nutritious diet during ontogeny can translate into life-long natural and sexual
selective advantages for an individual.
Protein is a vital facet of animal diets as it is important in somatic growth,
cell differentiation, reproduction and maintaining energy requirements (Kruger et
al. 2001). Increased dietary protein levels result in faster growth (Kruger et al.
2001; James & Sampath 2004; Ling et al. 2006) and higher body weights
(Gomes et al. 2003) in juvenile fish and mammals. Furthermore, rainbow trout
(Oncorhynchus mykiss) have been shown to derive more than four times more
energy from protein than starch (Smith 1971). In fish, decreasing the amount of
dietary protein is known to negatively affect reproductive performance (Izquierdo
et al. 2001; Watanabe et al. 1984a) including decreased vitellogenin—an egg
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yolk precursor—synthesis (Tandler et al. 1995), reduced egg viability (Cerdá et
al. 1994) and increased larval deformities (Watanabe et al. 1984b).
It is suggested that diet is essential in the growth of all animals because
nutrition seems to be the primary environmental regulator of the insulin growth
factor pathway (Figure 1.1; Duan 1997; Reinecke et al. 2005; Reinecke 2010).
This system is highly conserved in vertebrates, but has been most well studied in
teleosts and mammals (Duan 1997, 1998; Rousseau & Dufour 2007). It includes
insulin-like growth factors I and II (IGF-I and IGF-II) and six insulin growth factor
binding proteins (IGFBPs) as well as the IGF receptors (type 1 and in mammals
type 2; Reinecke 2010). In fish, the role of IGF-II is not well known, but IGF-I is
important in the regulation of growth, metabolism, development and
osmoregulation (Reinecke et al. 2005). IGF-I is mainly produced in the liver and
is released when growth hormone (GH) from the anterior pituitary binds to its
receptors (Reinecke 2010). It has also been shown to be expressed in many
other organs and tissues including the brain, pituitary, heart, gastrointestinal
tract, spleen, gills, gonads, kidneys, pancreas, cartilage, muscle and skin (Duan
1997; Reinecke 2010). Serum IGF-I provides negative feedback to the release
of growth hormone (Figure 1.1).
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Figure 1.1. The insulin-like growth factor pathway (modified from Duan 1997; Zhang et
al. 2012).
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IGF-I is important in the regulation of growth hormone and consequently,
growth (Duan 1997). Across taxa, animals with increased IGF-I levels show
increased growth rates (Vasilatos-Younken & Scanes 1991). It has been shown
in many species that increased dietary protein concentration increases IGF-I
(rats: Fliesen et al. 1989, Yahya et al. 1990; pigs: Brameld et al. 1996; fish:
Pérez-Sánchez et al. 1995). The IGF pathway has also been implicated in
diabetes mellitus. In individuals with Type-II diabetes, the IGF pathway is
compromised in a similar manner to protein deficiency (Gomes et al. 2003).
Therefore, a diet with limited protein may induce a similar state in animals as
diabetes in humans.
IGF-I has also been associated with the expression of male secondary
sexual characteristics. Diet during ontogeny has been shown to change the
allometric relationship between male size and the size of sexually selected
ornaments, as well as the male size and behavior relationship (Emlen 1996;
Emlen 1997; Moczek 1998; Emlen et al. 2006). Allometric relationships describe
how one trait scales in relation to a second (Bonduriansky & Day 2003). Positive
allometry occurs when larger individuals have larger traits relative to their body
size, while a trait-body size relationship is negatively allometric if smaller
individuals have relatively larger traits. Isometry occurs when the ratio of trait
size to body size is constant across body sizes. In poeciliid fishes, alternative
mating strategies are a relatively common mating system and size and ornament
dimorphisms (e.g., sword length in male swordtails) among males seems to be a
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driving force of these differing strategies in many species (Rios-Cardenas &
Morris 2011). It has been proposed that the inhibition of IGF-I provides the
mechanism that changes the body-ornament size relationship in insects (Emlen
& Allen 2004; Emlen et al. 2006), thus it is possible that IGF-I signaling is also
the driver of size-behavior relationships in other species including poeciliid fishes.
According to this insulin sensitivity hypothesis, traits (i.e., different tissues
during development) have differing sensitivities to changes in insulin signaling
(IGF-I levels) brought about by dietary fluctuations (Emlen et al. 2006; Emlen et
al. 2007). Traits that are highly insulin sensitive (e.g., male ornaments) exhibit
more plastic responses to changes in diet and are expected to display steep,
positive allometries in natural populations whereas traits that are less insulin
sensitive (e.g., male genitalia) develop more independently of nutritional
environment and are expected to exhibit a negative allometric relationship to
body size. Since IGF-I is highly conserved in all animal species and decreased
protein level is known to decrease its action in development and growth, it is
likely that a similar mechanism could underlie the expression of ornaments and
behaviors in other species including poeciliid fishes (Duan 1997, 1998; Rousseau
& Dufour 2007).
In my thesis research, I used a common poeciliid fish, the sailfin molly
(Poecilia latipinna), as a model system to study how diet during ontogeny
influences the expression of life history traits, morphology and behavior in
adulthood. Specifically, I assessed how a low protein, high carbohyrdate diet
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changes growth rate, time to maturity, size and weight at maturity, morphological
trait size and the development and expression of alternative mating behaviors
compared to fish fed a high protein, low carbohyrdate diet. I reared fish on both
diets in a maternal half-sibling breeding design (Falconer & McKay 1996) to test
for effects of genes (sire size), environment (diet type) and gene x environment
interactions on growth and development during ontogeny. This design controlled
for the effects of sire size, dam within sire and diet by allowing me to compare full
siblings, half siblings and unrelated individuals from the same sire size class to
control for sire size class effects, full and half siblings from the same sire to
control for maternal effects and all individuals to distinguish dietary influences. I
fed juvenile fish a low protein, high carbohydrate diet to mimic the inhibition of the
IGF-I pathway (Fliesen et al. 1989; Yahya et al. 1990; Pérez-Sánchez et al.
1995; Brameld et al. 1996). The results of my study shed light on the role of
genetics and dietary environment on the expression of male size, morphological
patterns and mating behaviors in a non-swordtail poeciliid fish. I investigated
whether male size at maturity is Y-linked (e.g., Travis 1994a, b), suggesting that
mollies have a similar genetic architecture to male body size determination as
that described for swordtails (Lampert et al. 2010). I also examined whether diet
during ontogeny has important effects on the expression of adult male sizes,
testing the hypothesis that mollies are more plastic in their size at maturity and
may use a different genetic mechanism for this life history trait than do
swordtails. The influence of diet on the expression of morphological characters
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and other life history traits sheds light on the role that male body condition plays
in the expression of alternative male mating strategies of courting and sneaking
that are found in sailfin mollies (Ptacek & Travis 1996; Seda et al. 2012). Thus,
my thesis research has important implications for understanding the genetic and
environmental basis of reproductive systems in mollies in particular and their role
in diversification and speciation of poeciliid fishes in general.

The Study System

Sailfin mollies are in the same family as swordtails (Poeciliidae: genus
Xiphophorus) and are a monophyletic lineage within the genus Poecilia
(subgenus Mollienesia) that consists of four species: P. latipinna, P. petenensis,
P. latipunctata, and P. velifera (Ptacek & Breden 1998; Breden et al. 1999; Hrbek
et al. 2007). They are livebearing fishes that inhabit salt marshes and freshwater
ponds along the southern portions of the Atlantic and Gulf coasts of the United
States and Mexico and into Belize and Guatemala (Figure 1.2; Ptacek & Breden
1998). The sailfin molly, P. latipinna, has the largest range, occurring from the
Gulf coast in northern Mexico around the tip of Florida to the Atlantic coast in the
Southeastern United States as far north as Georgetown, South Carolina. They
can tolerate a wide range of salinities (0 ppt-35 ppt) and can be found in
numerous habitats ranging from inland freshwater ponds to full strength saltwater
estuaries (Rosen & Bailey 1963).
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P. latipinna

P. latipunctata
P. velifera

P. petenensis

Figure 1.2. Current distribution of the four described sailfin molly species in North and
Central America.
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Poecilia latipinna is sexually dimorphic and, as in all poeciliids, uses
internal fertilization (Farr et al. 1986). Males at sexual maturity develop a
gonopodium—a fused anal fin—that is used as the intromittent organ through
which they transfer sperm to the female’s gonopore (Cummings 1943; Constantz
1989). Males also have an enlarged dorsal fin (i.e., sailfin) which they raise
during a courtship display (Farr 1989). They may also use a sneaker behavior
termed a gonopodial thrust—where they swim alongside of a female and attempt
to force their gonopodium into a female’s gonopore without her cooperation—in
order to gain matings (Constanz 1989).
Females give birth to a brood of live young every 28 days and for 28-48
hours post parturition they are receptive to male courtship (Farr & Travis 1986;
Farr 1989; Trexler 1989). Receptive females advertise their reproductive status
through pheromones in their urine and will facilitate sperm transfer after courtship
by remaining stationary (Farr & Travis 1986; Farr 1989; Sumner et al. 1994).
Males have been shown to increase the number of courtship displays towards a
female that is receptive compared to a female that is non-receptive (Farr & Travis
1986; Sumner et al. 1994; Seda et al. 2012).
In this species, body size affects many aspects of an individual’s life
history. Standard length (SL—measured from the tip of the mouth to the end of
the caudal peduncle; Ptacek & Travis 1996; Seda et al. 2012) varies
considerably both within and between populations (Snelson 1985; Ptacek &
Travis 1996). Females show indeterminate growth, but male size is fixed at
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maturity and shows a normal distribution (Cummings 1943; Ptacek & Travis
1996). Thus, a small male will never attain the size of a large male as further
growth ceases once sexual maturity (marked by complete development of the
gonopodium) is reached (Figure 1.3). Survival in mollies has been shown to be
size dependent with larger individuals having lower mortalities overall (Trexler et
al. 1992) but smaller individuals less likely to be preyed upon by wading birds
such as herons (Trexler et al. 1994). Larger SL in females is correlated with
increased brood size (Travis et al. 1990).
Male SL is also correlated with rates of sexual behaviors; larger males
have high rates of courtship displays and smaller males rely primarily on forced
insemination attempts termed gonopodial thrusts (Farr et al. 1986; Travis et al.
1990; Ptacek & Travis 1996; Seda et al. 2012). Intermediate-sized males are
more flexible, switching from courting to thrusting when grouped with smaller or
larger males (Travis & Woodward 1989). Increased male size has also been
shown to be correlated with a larger amount of primed sperm available, but
smaller males are more flexible in the amount of sperm they deliver based on
social situation (Aspbury & Gabor 2004).
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SL=50mm

SL = 25mm

Figure 1.3. A large male (SL=50 mm; top) and a small male (SL=25 mm; bottom) P.
latipinna from Steve’s Ditch, Wakulla County, FL.
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In male sailfin mollies, the size of the dorsal fin increases in a positively
allometric relationship with fin size; larger males have much larger fin to body
size ratios than smaller males (ln-ln slope=3.8-4.1; Figure 1.4; Hankison &
Ptacek 2007). Conversely, the caudal fin shows a more isometric relationship
where body size and fin size increase at the same rate (ln-ln slope=2.3; Figure
1.4); in this case, small and large males have similar fin to body size
relationships. Figure 1.4 shows the relationship between standard length and
dorsal fin area as well as standard length and caudal fin area for wild-caught
male P. latipinna.
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7

DFA
CFA

ln Trait

6
5
4
3
2
3

3.5

4

4.5

ln Standard Length

Figure 1.4. Relationship between standard length and dorsal fin area (DFA) and caudal
fin area (CFA) for wild-caught sailfin mollies, P. latipinna.
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Females of P. latipinna have been shown to prefer males that appear
larger and specifically those that appear to have a greater total lateral projection
area (sum of dorsal fin, caudal fin and body areas); there is no preference
between sailfin size or body length when lateral projection area is held constant
(Marler & Ryan 1997; Ptacek & Travis 1997; Gabor 1999; Gabor & Page 2003;
MacLaren et al. 2004; MacLaren 2006). This preference is especially strong
when the female is receptive (Ptacek & Travis 1997; Gabor & Page 2003).
Females also copy other females’ choice or rejection of males and have been
shown to remember a choice made by a conspecific for up to a day (Witte &
Ryan 1998, 2002; Witte & Massmann 2003; Witte & Ueding 2003). Thus, there
seems to be strong female mating preference for large males in the sailfin molly.
This preference may be the result of a sensory bias (Marler & Ryan 1997;
MacLaren 2006) or the fact that when in the presence of large males, females
are harassed less (in the form of nibbles and gonopodial thrusts) so they are able
to feed more (Schlupp et al. 2001). Regardless of what drives the female
preference for large size in males, such preferences have likely been important in
the evolution of alternative mating strategies in sailfin mollies and phylogenetic
evidence suggests that female preference for large sailfin size evolved before the
evolution of the male sailfin trait itself (Ptacek 1998: Ptacek et al. 2011).
Male sailfin mollies also prefer to associate with larger, more fecund
females (Travis et al. 1990; Ptacek & Travis 1997). Smaller males are often
excluded from groups that include larger females (Travis et al. 1990). Thus,
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smaller males not only have the disadvantage of being less preferred by the
female, they also are excluded from associating with more fecund individuals.
Therefore, the small male alternative sneaking strategy may be crucial in
obtaining mating opportunities.
The inheritance of size in male sailfin mollies has been shown to be nearly
100% Y-linked (Travis 1994a, b), suggesting a similar P locus genetic control as
found in Xiphophorus (Kallman & Borkoski 1978; Kallman 1989; Zimmerer &
Kallman 1989; Lampert et al. 2010). In both groups, male size at maturity is
controlled by a region of the Y chromosome termed the pituitary (P) locus for its
hypothesized regulatory role in the hypothalamic-pituitary-gonadal axis that
initiates fusion of the gonopodium and sexual maturity (Kallman & Borkoski 1978;
Zimmerer & Kallman 1989; Lampert et al. 2010).
Recently, a candidate gene, the melanocortin 4 receptor gene (mc4r) was
identified in the P locus region as a genetic mechanism for the difference in male
size at maturity in swordtails (Lampert et al. 2010). Mc4r is a seven
transmembrane G protein-coupled receptor linked to growth and homeostasis in
vertebrate species from teleosts to humans (Farooqi et al. 2003; Song & Cone
2007). In swordtails, three alleles at the mc4r locus were identified: functional A
alleles and two B alleles (B1 & B2) that are rendered non-functional due to
deletions in the C-terminus (Figure 1.5; Lampert et al. 2010). In large males,
increased number of mc4r B alleles as a result of gene duplication delays sexual
maturity in Xiphophorus. Therefore, large males take longer to mature and grow

17

to a larger size before the cessation of growth at maturity than do smaller males
that lack the duplicate B alleles (Lampert et al. 2010). Recently, our lab has
found that sailfin mollies possess B alleles, which are homologous to those of
Xiphophorus (Figure 1.5; Ptacek et al. in prep.), suggesting a similar mechanism
regulating timing and final size at maturity may exist in male mollies.
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Figure 1.5. Sequences of mc4r A (black text), B1 (green text) and B2 alleles (blue text)
for two species of swordtails (X. nigrensis and X. multilineatus) and corresponding
sequences from six species of mollies (P. latipinna, P. petenensis, P. velifera, P.
latipunctata, P. mexicana and P. orri) generated by the Ptacek lab. The deleted region
in the B alleles is shown by a dash.
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Regulation of mc4r expression has been shown to be important in
controlling appetite and motivation to feed in other species of fish (Schjolden et
al. 2009; Jangprai et al. 2011). In larval zebrafish, mc4r has been linked to
POMC (pituitary preprohormone) and AgRP (agouti related protein; endogenous
antagonist of Mc4r) neurons, which together project into the pituitary and regulate
endocrine control of growth and maturation (Zhang et al. 2012). Furthermore,
Mc4r suppression by AgRP increased levels of growth hormone, which is known
to stimulate insulin-like growth factor-I (IGF-I). Therefore, there is likely a link
between mc4r expression and IGF-I expression (Figure 1). Since the expression
levels of mc4r and IGF-I are tied to feeding in fish (Pérez-Sánchez et al. 1995;
Schjolden et al. 2009; Jangprai et al. 2011), mc4r expression has been
implicated in time to maturity and male size (Lampert et al. 2010) and IGF-I has
been linked to differential growth (Pérez-Sánchez et al. 1995), diet has the
potential to interact with mc4r genotype to cause changes in size, shape and
behavior in P. latipinna. Thus, sailfin mollies provide an ideal system in which to
examine the influence of genes, environment and the gene by environment
interaction on the development and expression of alternative male mating
strategies including both their morphological and behavioral components.
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Breeding Design

Collection of Fish

Males and females of P. latipinna were wild caught from a single
population (Steve’s Ditch, Wakulla County, FL) in October 2010 and May 2011
(Figure 1.6). Males and females used as sires and dams in the breeding design
were lab-reared offspring of these wild-caught fish that were fed the control diet
during ontogeny. Previous studies have shown that lab-reared mollies fed the
control diet are indistinguishable in both behavior and morphology from their wildcaught counterparts (Ptacek et al. 2005; Hankison et al. 2006). This population
has been characterized in previous studies for male size distribution and mating
behavioral repertoire (Ptacek & Travis 1996; Seda 2010; Seda et al. 2012). It
was chosen for its large variance in male size at maturity (range: 19 mm - 68
mm) and the strong influence of male size on courtship display rates (r2=0.36;
F=16.2; p=0.0004; Seda 2010; Seda et al. 2012). Fish were collected using a
2.8x1.2m seine. This method has been shown to collect a random sample of the
size distribution of males and females in the population with the exception of
individuals less than 25 mm (Travis & Trexler 1987; Hankison et al. 2006). Males
from this size class were easily reared in the lab from wild-caught females that
were gravid when collected.
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Figure 1.6. Map of Wakulla County, Florida, USA. Collection site (Steve’s Ditch) is
indicated by a yellow star.
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Housing Conditions

Experimental fish used in crosses were housed in 18.9 L aquaria within
the Clemson University Aquatic Animal Research Laboratory. The room was
kept at 28-31°C with a photoperiod of 14:10 h light :dark cycle (mimicking summer
breeding conditions in Florida) provided by Sylvania Gro-lux fluorescent bulbs
(20-W full spectrum 350-750 nm, with spectral peaks at 400, 440, and 540 nm;
Rochester, NY, U.S.A.). Tanks were filled with city tap water conditioned with
AmQuel, NovAqua, Seachem marine buffer and Instant Ocean Aquarium Salt
(Beavercreek, OH, U.S.A.) to maintain a salinity of 12 ppt. Tanks and filters were
cleaned once every two weeks accompanied by a 50 percent water change. The
fish were fed twice daily (see below for feeding regimen).
Non-experimental fish were housed in 557 L Rubbermaid stock tanks
under natural lighting conditions with populations (n≈150 individuals) of mixed
sex and age. Tanks were filled with city tap water conditioned with AmQuel,
NovAqua, Seachem marine buffer and Instant Ocean Aquarium Salt
(Beavercreek, OH, U.S.A.) to maintain a salinity of 12 ppt. Tanks and filters were
cleaned once every three weeks accompanied by a 70 percent water change.
These fish were fed once daily with commercial flake food (Ocean Star
International Freshwater Flake (60%) with Brine Shrimp Flake (38%) and
Spirulina Flake (2%) mixture; Burlingame, California, U.S.A.) and dried algae
wafers (Hikahi tropical algae wafers; Beavercreek, Ohio, U.S.A.). This diet had a
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protein to carbohydrate ratio of about 4:6 which is the same ratio as the control
diet. These conditions were in accordance with the Clemson University
Institutional Animal Care and Use Committee (protocols AUP-2012-060; AUP2011-021).
Diets

Flake food diets were custom made from Angels Plus (Olean, New York,
U.S.A.). The control diet contained a 40% protein to 60% carbohydrate ratio
(38% protein, 57% carbohydrates, 5% lipid). This matched the protein to
carbohydrate ratio that the fish reared in the lab received during ontogeny. The
experimental diet contained a 20% protein to 80% carbohydrate ratio (19%
protein, 76% carbohydrate, 5% lipid). Fishmeal was the main source of protein in
both diets. Both diets were stored at -20°C.

Sires and Dams

Lab-reared males born from wild-caught individuals were divided into
three size classes: large (>75th percentile; >48 mm), intermediate (25th to 75th
percentile; 38 mm – 45 mm), and small (<25th percentile; <30 mm; Seda 2010;
Seda et al. 2012) to serve as potential sires. They were housed in 557 L
Rubbermaid stock tanks under natural lighting conditions with males and females
and fed daily with commercial flake food (Ocean Star International Freshwater
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Flake (60%) with Brine Shrimp Flake (38%) and Spirulina Flake (2%) mixture;
Burlingame, California, U.S.A.) and dried algae wafers (Hikahi tropical algae
wafers; Beavercreek, Ohio, U.S.A.). This diet had a protein to carbohydrate ratio
of about 4:6, the same ratio as the control diet.
Dams for this experiment were virgin females raised singly from about 2
weeks of age in 5 L tanks that were part of a recirculating system. They were fed
the control diet ground in small pieces twice daily. Since female mollies can
store sperm (Bisazza 1993), only virgins were used as dams to ensure sire
paternity of all experimental offspring. When they reached maturity—determined
by the appearance of a brood spot (Constantz 1989)—virgin females continued
to be isolated from males until bred with a sire.
Sires from each size class were chosen randomly and mated to two virgin
females in 38.9 L aquaria using a nested maternal half-sib design (Falconer &
McKay 1996). Males and females used as sires and dams were not known sibs.
Females were housed in separate 38.9 L aquaria to ensure maternity and the
sire was alternated between tanks on different days to guarantee each female
was inseminated. Before crosses were made, both sires and dams were
photographed (Canon Rebel XSi), weighed for wet mass (nearest 0.001 g)
measured for SL (nearest mm). Tanks were checked twice daily for new
offspring. New broods were placed into experimental tanks within 24 hours of
birth.
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Rearing of Offspring

Upon parturition, 24 offspring from each sire-dam cross were weighed for
wet mass (nearest 0.001 g), measured for SL (nearest mm) and placed
individually—to promote growth and eliminate competition for food—into 18.9 L
tanks. Half of the offspring (12) received the control diet (38% protein, 57%
carbohydrates, 5% lipid) and the remaining half were fed the experimental diet
(19% protein, 76% carbohydrate, 5% lipid).
Food was finely ground into a powder using a Toastess spice grinder
(TCG-357; Dollard-des-Ormeaux, Quebec, Canada) to ensure a more uniform
quantity of food using the measuring spoons and so the smaller individuals could
physically handle the size of the food particle. Fish were fed twice daily between
0700 and 1700 using metal measuring spoons (Norpro 3080; Everett, WA,
U.S.A.). Morning and afternoon feeding took place at least four hours apart.
Offspring received the same weight of each diet daily and the amount increased
monthly with age (0.03 g per month; Travis, pers. comm.). Separate grinders
and measuring spoons were used for experimental and control diets to prevent
contamination. Excess food was removed weekly by wiping down the sides and
bottom of the tank and netting out any particulate matter. After the first month
post parturition each tank was also cleaned with a 50 percent water change
biweekly.
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Although males have been shown to be less plastic in their time to and
size at maturity (Trexler et al. 1990), I controlled for differences in time to maturity
across broods by splitting each family among each row of the housing units. For
each sire-dam cross, eight tanks (four control, four experimental) were reared on
each row of fish tanks (top, middle, and bottom). This blocking design accounts
statistically for variation among shelf rows in temperature, lighting and other
uncontrolled environmental factors. All tanks were visually isolated from one
another using black plastic dividers. Additionally, tank temperatures were
measured weekly (nearest 0.1 ºC) using the average of temperatures taken with
two underwater digital thermometers (Marina ThermoSensor In-Out
Thermometer) so temperature could be used as a covariate in analyses.
At maturity—determined by the fusion of the anal fin to form the
gonopodium (Cummings 1943)—male offspring were photographed (Canon
Rebel XSi), weighed to the nearest 0.001 g and measured to the nearest mm for
SL. The date of maturity was also recorded to determine time to maturity (days)
and growth rates of SL (mm/day) and mass (g/day). They were then housed with
a mature female for three weeks to develop their mating strategy (Rodd &
Sokolowski 1995). At this time the male offspring’s mating behavior profile was
scored. After their behavioral profile was measured they were euthanized
(buffered 0.5% MS-222) and preserved for genetics (brain in RNAlater for RNA
extraction and body in 95% ethanol for DNA extraction; samples stored at -20°C).
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When female offspring matured— determined by the appearance of a
brood spot (Constantz 1989)—they were photographed, weighed and measured
for SL. The date of maturity was also recorded to determine time to maturity
(days) and growth rates of SL (mm/day) and mass (g/day). They were then
euthanized and preserved for genetics (2 per treatment per cross: brain in
RNAlater, all: 95% ethanol for DNA extraction; samples stored at -20°C).

Goals and Objectives of My Study

The primary goal of my thesis research was to determine the genetic and
environmental determinants of the expression of male life history traits,
morphology and alternative mating strategies in Poecilia latipinna. Specifically, I
focused on how sire size (a surrogate for mc4r genotype), protein to
carbohydrate ratio in diet and the interaction between these two factors leads to
differences in morphology and behavior in these fish. While the genetic basis of
alternative mating strategies has been described for a number of systems
(Shuster & Wade 2003; Lampert et al. 2010), less is known about how diet during
ontogeny influences the expression of genetically-based alternative mating
strategies. Results of this study will shed light on the potential role of
environmental factors or gene by environment interactions in the development of
alternative morphologies and mating strategies. My thesis had three primary
objectives: 1) to determine how paternal genotype (G), dietary environment (E)

28

and the interaction between the two (G x E) contribute to male and female
growth, time to maturity and size at maturity; 2) to determine how a low protein,
high carbohydrate diet changes the allometric relationship between trait size and
body size when compared to a high protein, low carbohydrate diet for both
ornamental and non-ornamental traits; and 3) to determine the relative
contributions of G, E and G x E in the expression of alternative male mating
behaviors (sneaking versus courting). To address all three aims, a maternal halfsibling breeding design was used (described above) with 12 offspring from each
brood reared on a low protein, high carbohydrate diet and 12 offspring from each
brood reared on a high protein, low carbohydrate diet.
For my first objective, I weighed fish for mass (g) and measured fish for SL
(mm) at birth and maturity for offspring from three size classes of sires (small,
intermediate and large) reared on both diets. I also determined the length of the
juvenile growth period (days to maturity), which allowed me to calculate mass
and length growth rates during ontogeny. These data enabled me to compare
the traits in individuals with different genotypes and diet environments to test for
the effects of G, E and GxE. It also allowed me to compare the effects of sire
genotype and diet on the expression of life history traits between male and
female sailfin mollies.
To complete my second objective, I made 14 morphological
measurements of linear and area traits from digital photographs for newlymatured offspring reared on both diets. I then plotted the allometric relationship
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between these 14 traits and SL for both sexes reared on each diet. This allowed
me to determine if diet was able to shift the relationship between the trait and
body size in either males or females. Furthermore, I assessed the potential
insulin sensitivity for each trait by comparing slopes for male and female offspring
reared on different diets. These data also allowed me to compare broad-sense
and narrow-sense allometry (Voje & Hansen 2013). Broad-sense allometry
considers untransformed, often non-linear relationships between a trait and body
size (Frankino et al. 2009; Houle et al. 2011; Voje & Hansen 2013). Therefore, it
takes into account shape changes with increasing body size. Alternatively,
narrow-sense allometry considers the relationship Y = aXb where Y is the trait of
interest and X is body length (Huxley 1924, 1932; Stevens 2009; Houle et al.
2011; Voje & Hansen 2013). This relationship can be linearized by taking the
logarithmic transformation resulting in log(Y) = log(a) + blog(X) with b
representing the allometric slope parameter. Narrow-sense allometry is
important to consider because the allometry-as-constraint hypothesis is based on
this specific power law relationship. Thus, this type of allometry must be invoked
to test if allometric relationships are constraining evolutionary change (Houle et
al. 2011; Voje & Hansen 2013). By comparing broad-sense and narrow-sense
allometric changes in the size of morphological characteristics relative to
standard length, I assessed both shape changes due to diet and whether or not
these changes may be constraining evolutionary change.
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To address my third objective, I measured each offspring’s mating
behavior (thrusting versus courting) toward a single receptive (virgin) female.
This portion of my thesis aimed to determine the G, E and GxE determinants in
the expression of alternative mating behavior. While variation in mating behavior
between populations has been described for these sailfin mollies (Farr et al.
1986; Ptacek & Travis 1996), no studies have investigated how sire size and diet
interact to produce alternative mating behaviors.
Overall, results of my study will add insight into the genetic architecture of
male size and mating behaviors in a different group of poeciliid fishes, the
Mollienesia. The occurrence of the Y-linked, P locus inheritance pattern of male
size at maturity and its influence on alternative mating behaviors is not well
known outside of Xiphophorus (Lampert et al. 2010). The breeding design will
also provide fish of known SL, mass, time to maturity and behavioral strategies
that can be profiled for alleles at a candidate gene, melanocortin 4 receptor
(mc4r), in order to determine how differences in allelic composition affect these
traits.
If diet is shown to play an important role in the expression of alternative
strategies, this would provide evidence that mating strategy in P. latipinna is
somewhat plastic. Additionally, microhabitat differences in diet during ontogeny
could play a vital role in promoting differences in courtship display rates for males
of similar sizes in the same population. Differences between diets among
populations of mollies may also explain the considerable inter-population
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variation previously observed in mating behavior rates (Ptacek & Travis 1996;
Seda et al. 2012). If dietary differences are shown to have a large effect on the
alternative mating strategy displayed by males in this study, it will suggest that
protein and carbohydrates have an important role in mediating the expression of
behavior.
Diet-induced changes in morphology may point to a role of the IGF-I
pathway in the expression of these traits in poeciliid fishes. The IGF-I pathway
has been implicated in the expression of ornaments in other species (Emlen &
Allen 2004; Emlen et al. 2006). If diet alters the sailfin-body size allometry it
points to a role of this pathway in the expression of ornaments in livebearing
fishes. This would provide a candidate pathway to determine how the
exaggerated fins in many poeciliid species arose and are maintained.
Furthermore, any differences seen in size, weight or growth in the low protein,
high carbohydrate group would point to a role of IGF in these traits. This is
important because individuals with Type-II diabetes also have changes in the IGF
pathway. Thus, by altering the diet and changing the IGF pathway in mollies, I
could model the development of a diabetic-like state in these fish. This would
provide a new model organism for the study of diabetes in humans.
Finally, it will be extremely informative if dietary differences in protein and
carbohydrates do not influence the behavior and/or morphology of these fish.
This suggests that micro- and macro-habitat differences in diet are not the
underlying causative agent for the differences seen both within and between
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populations in male mating signals and mating behavior profiles. Furthermore, a
lack of evidence to support diet as an influence on behavior or morphology in
sailfin mollies may point to a strong genetic influence in the expression of these
traits that cannot be altered with differences in environments. This has far
reaching consequences in explaining the evolution of the morphological and
behavioral variation seen in molly populations (Ptacek & Travis 1996; Seda 2010;
Seda et al. 2012).
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CHAPTER TWO

THE EFFECTS OF GENES, DIET AND THEIR INTERACTION ON LIFE
HISTORY TRAITS IN THE SAILFIN MOLLY, POECILIA LATIPINNA

Introduction

Body size underlies the expression of many higher order life history traits
(Price & Schluter 1991; Blanckenhorn 2000; Kingsolver & Huey 2008). Across
taxa, differences in body size are correlated with morphological characteristics,
physiological traits and behavioral strategies. For example, body size
polymorphisms have been linked to variation in ornament size (e.g., Shuster
1987; Zimmerer & Kallman 1989; Emlen 1994), fecundity (e.g., Travis et al. 1990;
Morita & Takashima 1998), predation level (e.g., Reznick & Endler 1982; Sogard
1997; Janzen 1993), male-male competition (e.g., Bisazza 1993; Haley et al.
1994; Modig 1996) and mate attraction (e.g., Ptacek & Travis 1997). Since all of
these characters either directly or indirectly relate to survival and reproduction,
differences in body size and consequent variation in life history strategies have
the potential to drastically impact the fitness of an organism (Farr & Travis 1989).
In many systems, there is directional selection for increased body size
(Kingsolver & Pfennig 2004; Kingsolver & Huey 2008; Kingsolver & Diamond
2011). However, this can be balanced by constraints such as growth rate as well

45

as countering forces including opposing directional selection for decreased
developmental time (Blanckenhorn 2000; Kingsolver & Pfennig 2004; Kingsolver
& Huey 2008; Kingsolver & Diamond 2011). Therefore, when examining the
evolution of body size, it is important to consider size at maturity as well as
growth rates and developmental time.
Understanding the role that genes and the environment play in the
expression of body size is critical to assessing how polymorphisms in size at
maturity may have evolved. This knowledge allows one to predict what a trait’s
response to selection may be and whether expression of the traits important to
behavior and life history may be condition dependent, and thus, more flexible in
their manifestation (Via & Lande 1985; Rowe & Houle 1996). Furthermore,
assessing the degree to which a gene by environment (GxE) interaction affects
body size is critical to understanding how evolution may shape this trait. A GxE
interaction occurs when different genotypes react differently to variation in the
environment (Via & Lande 1985; Merilä & Fry 1998). The influence of GxE
interactions on the expression of a trait can help to explain how dimorphic
phenotypes evolve and how genetic variance is maintained within populations
(Via & Lande 1985; Gillespie & Turelli 1989; Merilä & Fry 1998; Ingleby et al.
2010). Thus, understanding how genes, the environment and GxE interactions
influence the expression of different phenotypes, particularly body size and sizeassociated traits, helps to illuminate the evolutionary pathways along which
adaptive phenotypes can evolve.
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The sailfin molly, Poecilia latipinna, is an ideal study system in which to
investigate the evolution of body size. In this fish species, body size varies
widely both within and between populations (Snelson 1985; Farr et al. 1986;
Ptacek & Travis 1996). Males show determinate growth and thus, individuals do
not increase in body size once reaching sexually maturity (Cummings 1943;
Ptacek & Travis 1996). Therefore, a small male will never reach the body size of
a large male (Chapter 1: Figure 1.3). Conversely, females have indeterminate
growth, increasing in body size throughout their lives.
Body size in both males and females influences a number of life history
traits in sailfin mollies (Travis 1994a, b). For example, in males, large individuals
are more likely to be preyed upon by herons and other wading birds, but overall,
small males have higher mortality rates (Trexler et al. 1992, 1994). Small males,
however, take considerably less time to reach sexual maturation and
consequently, have a longer time span to reproduce (Travis 1989; Travis 1994a,
b), but larger males are more preferred by females and thus, have a sexual
selective advantage (Marler & Ryan 1997; Ptacek & Travis 1997; Gabor 1999;
Gabor & Page 2003; MacLaren et al. 2004; MacLaren 2006). Size in male
mollies is also linked to alternative mating strategies (Farr et al. 1986; Ptacek &
Travis 1996; Seda et al. 2012). Small males use a sneaking behavior termed a
gonopodial thrust (male mollies inseminate females internally with a modified
anal fin, the gonopodium), where they forcibly attempt to copulate with noncooperative females. Larger males rely on courtship displays as a primary
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mating strategy to induce cooperation from females during mating to facilitate
sperm transfer (Farr 1989). Body size varies in females as well, and is positively
correlated with fecundity (Travis et al. 1990). Males prefer to associate with
larger, more fecund individuals, thus, further increasing the reproductive output of
larger females (Travis et al. 1990; Ptacek & Travis 1997).
A previous breeding design used to investigate the inheritance of male
length at maturity in P. latipinna suggested that this trait is strongly Y-linked
(Travis 1994a, b) and similar to the pattern of inheritance of male size described
in a closely related poeciliid group, the swordtails (genus Xiphophorus; reviewed
in Kallman 1989). In swordtails, a Y-linked region termed the Pituitary (P) locus
is hypothesized to be the size-determining locus for males (Kallman & Borkoski
1978; Kallman 1989; Zimmerer & Kallman 1989; Lampert et al. 2010). Recently,
a candidate gene influencing the inheritance of male size, melanocortin 4
receptor gene (mc4r), a seven transmembrane spanning G coupled protein
receptor, was characterized in swordtails (Lampert et al. 2010). Mc4r is
expressed primarily in the hypothalamus and has been linked to food intake and
energy homeostasis in vertebrates from fish to humans (Van der Ploeg et al.
2002; Farooqi et al. 2003; Gantz & Fong 2003; Song & Cone 2007; Schjolden et
al. 2009; Jangprai et al. 2011). In swordtails, three allelic forms of mc4r (Chapter
1: Figure 1.5) were described; one functional A allele and two B alleles (B1 and
B2), rendered non-functional due to deletions in the C-terminus (Lampert et al.
2010). Male size was positively correlated with the number of B alleles present,
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suggesting that these non-functional duplicate gene copies delay maturation in
an additive fashion, resulting in larger males with more copies of B alleles taking
considerably longer to reach puberty and initiate sexual maturation than smaller
males. Nearly identical A, B1 and B2 alleles of mc4r have been characterized in
P. latipinna (Ptacek et al., in prep.), suggesting a similar role of mc4r allelic forms
in determining the onset of puberty and final male size at maturity, leading to the
broad range of male body lengths observed in natural populations (Farr et al.
1986; Ptacek & Travis 1996; Seda et al. 2012).
The objective of my study was to determine the role of genes, the
environment and GxE interactions in the expression of length and mass growth
rates to maturity, time to maturity and mass and length at maturity for both male
and female P. latipinna. Although time to maturity and length at maturity are
expected to be Y-linked in males (Travis 1994a, b), mass and growth rates may
have more environmental influences on their expression. Additionally, little is
known about genes or environmental factors contributing to any of these traits in
females. I chose to vary diet during ontogeny as the environmental factor
because diet is vital to growth and survival in animals. In other teleosts, diet
(specifically protein levels) has been linked to the expression of insulin-like
growth factor-I (IGF-I) and consequently, growth rates and size at maturity
(Pérez-Sánchez et al. 1995). Furthermore, IGF-I levels have been tied to mc4r
expression, which also exerts control over feeding behavior in fishes (Schjolden
et al. 2009; Jangprai et al. 2011; Zhang et al. 2012). Therefore, changes in diet

49

may alter the expression of both mc4r and IGF-I, leading to differences in growth,
time to maturity and adult size in sailfin mollies.
I used a maternal half-sibling breeding design with sires of three size
classes (small, intermediate and large) resulting in offspring fed two diets (high
protein, low carbohydrate control diet versus low protein, high carbohydrate
experimental diet) to examine the influence of genes (sire size class
approximates P locus genotype), diet and gene by diet interaction on the
expression of male and female growth rates (length and mass), time to maturity
and adult size (length and mass). I predicted that male length would show strong
Y-linked inheritance and thus, a strong sire size class effect. Since time to
maturity is tightly linked to male size in mollies (Travis 1994a, b), I predicted that
sire size class would have a significant impact on this trait as well. Furthermore,
because the SL growth rate was related to both SL at maturity and time to reach
maturity, this trait was hypothesized to have a strong sire size class effect. Since
mc4r and IGF-I have been linked and shown to affect body length in other fish
species, a gene by environment interaction may also be present (Lampert et al.
2010; Zhang et al. 2012). I expected any GxE interactions to be driven by
differences in time to maturity between offspring that mature at small and large
sizes since there will be a greater difference in their developmental time and
thus, the period for diet to affect these traits will differ between individuals that
mature at small versus larger sizes. Male mass at maturity and mass growth rate
may have stronger environmental influences (less constrained by inherited size
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at maturity genotype) and thus, I expected them to vary due to dietary
environment, with male offspring reared on the high protein diets growing faster
and weighing more at maturity. Previous experiments have shown that size at
maturity in female mollies is influenced more by environmental variation than in
males (Farr & Travis 1989; Trexler et al. 1990). Therefore, I expected diet, not
sire size, to play a greater role in the expression of female growth rates, time to
maturity and size at maturity than in males.

Methods

A maternal half-sibling breeding design was used to assess relative
contributions of genes, diet and any interaction between genes and diet
(Falconer & McKay 1996; see Chapter 1 for a detailed description) on the
expression of life history traits during ontogeny to sexual maturity in sailfin
mollies. Sires were lab-reared (fed on control diet) and divided into three size
classes: small (<25 mm), intermediate (35-48 mm) and large (>48 mm). Distinct
size classes were chosen to capture mc4r differences between different sized
individuals. Each sire was crossed to two virgin females and upon parturition, 24
offspring from each sire-dam cross (family) were weighed for wet mass (nearest
0.001 g) and measured for standard length (SL—nearest mm). Offspring were
then placed individually into 18.9 L tanks and fed either control or experimental
diets (Angels Plus, Olean, New York, U.S.A.) until reaching sexual maturity. For
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each brood, twelve offspring were reared on a high protein, low carbohydrate
control diet (38% protein, 57% carbohydrates, 5% lipid) and the remaining twelve
were reared on a low protein, high carbohydrate experimental diet (19% protein,
76% carbohydrate, 5% lipid). Offspring were fed twice daily with amounts
increasing monthly until they reached sexually maturity. Water temperatures
were measured weekly (nearest ºC) during the maturation period using digital
thermometers (Marina ThermoSensor In-Out Thermometer). Care and
maintenance of fish followed approved IACUC protocols (AUP-2012-060; AUP2011-021) through Clemson University.
Sexual maturity was determined for offspring of both sexes based on
previously described morphological indicators (Figure 2.1). Males were
considered sexually mature when the fusion of the gonopodium from the anal fin
was complete (Cummings 1943). Females were mature when a black brood spot
above their gonopore was present (Constantz 1989). At maturity, males and
females were weighed for wet mass (nearest 0.001 g) and measured for SL
(nearest mm). The date of maturity was also recorded. Time to maturity was
calculated using the yearfrac function of Microsoft Excel (2010). Growth rates
were calculated by dividing the mass or SL at maturity by the number of days
from birth to maturity.
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Figure 2.1. Mature male (top) and female (bottom) P. latipinna offspring.
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Statistical Analyses

All statistical analyses were performed using JMP Pro version 10 software
(Cary, North Carolina). To determine the effects of genes (sire size class), the
environment (diet) and gene by environment interaction, a REML model was
used with the average rearing temperature (ºC) as the covariate. Temperature
has been shown to be a significant factor in growth and body size in mollies
(Trexler et al. 1990) and variation existed among rearing tank positions in water
temperature (treatments within a family were blocked among shelf units of
different heights). Family within sire size class and family within sire size class
by diet were considered random factors in the model to control for family effects.
Males and females were analyzed separately because previous studies have
indicated differences in the genetic basis of age and size at maturity (Travis
1994a, b). Significant effects in the model were further examined using a
Student’s t-test to determine if experimental diet fed fish or control diet fed fish
had higher trait values.

Results

In total, I raised 14 half sibling families from 3 small sires, 2 intermediate
sires and 3 large sires (Table 2.1). This resulted in the rearing of 119 male
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offspring (61 fed the control diet, 58 fed the experimental diet) and 146 female
offspring (70 fed the control diet, 76 fed the experimental diet; Table 2.1).
The average, standard error and range for male size at maturity (SL and
mass), time to maturity and growth rates (SL and mass) are presented in Tables
2.2-2.4. There were no significant effects of sire size class, diet or their
interaction on male size at maturity, time to maturity or SL growth rate to maturity
(Tables 2.5-2.7). Males fed the control diet increased in mass during ontogeny
significantly faster than those fed the experimental diet (Figure 2.2; Table 2.7).
However, this did not result in any significant differences in size at maturity
(Tables 2.5-2.6).
The average, standard error and range of female sizes at maturity (SL and
mass), times to maturity and growth rates (SL and mass) are presented in Tables
2.8-2.10. Sire size class, diet or the genotype by diet interaction did not have
any significant effects on female SL at maturity, mass at maturity, time to maturity
or SL growth rate (Tables 2.11-2.13). Diet had a significant effect on mass
growth rate with control fed individuals increasing in mass faster than the low
protein, high carbohydrate experimental diet fed individuals (Figure 2.3; Table
2.13). Rearing temperature also significantly affected length and mass at
maturity for females (Tables 2.11) with increasing temperatures resulting in
decreased SL and mass.
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Table 2.1. Total number of sires and families for each size class as well as the number
of male and female offspring reared from each size class and diet.

Sire Size
Class
Small
(<30 mm)

Sires
3

Intermediate
(38-45 mm)

2

Large
(>48 mm)

3

Diet

Male
Offspring

Female
Offspring

Control

18

21

Experimental

15

27

Control

17

26

Experimental

21

22

Control

26

23

Experimental

22

27

Families
5

4

5
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Table 2.2. Mean, standard error (SE) and range for standard length and mass of male offspring from small, intermediate and
large sires reared on the high protein, low carbohydrate control or low protein, high carbohydrate experimental diet.

Standard Length (mm)
Sire Size
Class

Mass (g)

Diet

Mean

SE

Range

Mean

SE

Range

Control

24.500

1.055

21-39

0.456

0.083

0.211-1.783

Experimental

22.867

0.496

19-26

0.369

0.023

0.231-0.525

Control

25.000

0.659

20-31

0.472

0.045

0.230-0.901

Experimental

24.143

0.587

18-29

0.404

0.044

0.125-0.834

Control

26.269

1.285

19-54

0.641

0.154

0.251-4.338

Experimental

25.182

0.783

19-38

0.486

0.059

0.242-1.626

Small
(<30 mm)
57
Intermediate
(38-45 mm)

Large
(>48 mm)

Table 2.3. Mean, standard error (SE) and range of time to maturity for male offspring from small, intermediate and large sires
reared on the high protein, low carbohydrate control or low protein, high carbohydrate experimental diet.

Time to Maturity (days)
Sire Size
Class
Small
(<30 mm)
58
Intermediate
(38-45 mm)

Large
(>48 mm)

Diet

Mean

SE

Range

Control

51.328

6.561

24.949-152.686

Experimental

48.775

4.053

34.928-88.060

Control

51.198

3.456

34.928-84.058

Experimental

46.350

1.771

34.928-64.044

Control

57.073

8.233

28.941-233.354

Experimental

54.324

6.477

34.928-186.617

Table 2.4. Mean, standard error (SE) and range for standard length and mass growth rates of male offspring from small,
intermediate and large sires reared on the high protein, low carbohydrate control or low protein, high carbohydrate
experimental diet.

Standard Length Growth Rate
(mm/day)
Sire Size
Class
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Small
(<30 mm)

Intermediate
(38-45 mm)

Large
(>48 mm)

Mass Growth Rate (g/day)

Diet

Mean

SE

Range

Mean

SE

Range

Control

0.421

0.052

0.180-0.962

0.0084

0.0006

0.0044-0.0137

Experimental

0.346

0.038

0.168-0.601

0.0076

0.0006

0.0043-0.0116

Control

0.329

0.019

0.158-0.458

0.0090

0.0006

0.0049-0.0144

Experimental

0.333

0.014

0.212-0.484

0.0086

0.0008

0.0026-0.0143

Control

0.341

0.016

0.190-0.542

0.0100

0.0006

0.0036-0.0185

Experimental

0.323

0.014

0.151-0.450

0.0088

0.0004

0.0060-0.0138

Table 2.5. Results of REML analysis testing the effects of genes (sire size class),
environment (diet) and gene by environment interaction with temperature as a covariate
on male size at maturity.

Trait
SL

Mass

Source

d.f.

F

p

Sire Size

2, 9

1.021

0.398

Diet

2, 98

3.016

0.086

Sire Size x Diet

2, 98

0.157

0.855

Temp

1, 50

0.489

0.488

Sire Size x Temp

2, 49

0.137

0.873

Diet x Temp

1, 100

2.467

0.119

Sire Size x Diet x Temp

2, 100

0.142

0.868

Sire Size

2, 8

0.615

0.564

Diet

1, 6

1.562

0.261

Sire Size x Diet

2, 5

0.133

0.878

Temp

1, 40

0.165

0.687

Sire Size x Temp

2, 37

0.087

0.917

Diet x Temp

1, 18

0.610

0.445

Sire Size x Diet x Temp

2, 17

0.205

0.817
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Table 2.6. Results of REML analysis testing the effects of genes (sire size class),
environment (diet) and gene by environment interaction with temperature as a covariate
on male time to maturity.

Trait
Time to
Maturity

Source

d.f.

F

p

Sire Size

2, 9

0.387

0.691

Diet

1, 99

0.732

0.394

Sire Size x Diet

2, 99

0.006

0.994

Temp

1, 43

0.308

0.582

Sire Size x Temp

2, 41

0.281

0.756

Diet x Temp

1, 101

0.203

0.654

Sire Size x Diet x Temp

2, 100

0.386

0.681
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Table 2.7. Results of REML analysis testing the effects of genes (sire size class),
environment (diet) and gene by environment interaction with temperature as a covariate
on male growth rates to maturity.

Trait
SL Growth

Source

d.f.

F

p

Sire Size

2, 10

0.252

0.782

Diet

1, 94

0.866

0.355

Sire Size x Diet

2, 94

0.255

0.776

Temp

1, 94

0.713

0.401

Sire Size x Temp

2, 93

1.196

0.307

Diet x Temp

1, 96

0.723

0.397

Sire Size x Diet x Temp

2, 96

0.305

0.738

2, 7

0.904

0.445

Diet

1, 98

4.297

0.041

Sire Size x Diet

2, 98

0.116

0.890

Temp

1, 40

0.602

0.442

Sire Size x Temp

2, 39

0.582

0.564

Diet x Temp

1, 100

2.536

0.114

Sire Size x Diet x Temp

2, 100

0.217

0.806

Mass Growth Sire Size

62

Table 2.8. Mean, standard error (SE) and range for standard length and mass of female offspring from small, intermediate
and large sires reared on the high protein, low carbohydrate control or low protein, high carbohydrate experimental diet.

Standard Length (mm)
Sire Size
Class

Mass (g)

Diet

Mean

SE

Range

Mean

SE

Range

Control

32.095

1.067

24-44

1.077

0.111

0.493-2.762

Experimental

31.963

1.175

23-50

1.067

0.127

0.360-3.400

Control

33.115

0.838

27-42

1.061

0.076

0.512-1.920

Experimental

34.773

1.122

23-43

1.215

0.101

0.378-2.079

Control

33.478

0.855

26-44

1.093

0.099

0.513-2.615

Experimental

31.741

0.954

24-43

1.001

0.093

0.382-2.151

Small
(<30 mm)
63
Intermediate
(38-45 mm)

Large
(>48 mm)

Table 2.9. Mean, standard error (SE) and range of time to maturity for female offspring from small, intermediate and large
sires reared on the high protein, low carbohydrate control or low protein, high carbohydrate experimental diet.

Time to Maturity (days)
Sire Size
Class
Small
(<30 mm)
64
Intermediate
(38-45 mm)

Large
(>48 mm)

Diet

Mean

SE

Range

Control

74.957

5.956

43.030-146.699

Experimental

85.754

7.960

43.030-212.564

Control

71.394

4.632

42.912-131.730

Experimental

89.680

5.680

48.900-131.730

Control

74.193

6.469

45.031-186.617

Experimental

77.657

6.544

43.910-173.643

Table 2.10. Mean, standard error (SE) and range for standard length and mass growth rates of female offspring from small,
intermediate and large sires reared on the high protein, low carbohydrate control or low protein, high carbohydrate
experimental diet.

Standard Length Growth Rate
(mm/day)
Sire Size
Class
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Small
(<30 mm)

Intermediate
(38-45 mm)

Large
(>48 mm)

Mass Growth Rate (g/day)

Diet

Mean

SE

Range

Mean

SE

Range

Control

0.339

0.024

0.155-0.510

0.0153

0.0014

0.0049-0.0244

Experimental

0.341

0.032

0.157-0.690

0.0132

0.0013

0.0053-0.0302

Control

0.360

0.019

0.150-0.599

0.0153

0.0011

0.0049-0.0261

Experimental

0.300

0.017

0.188-0.436

0.0135

0.0009

0.0052-0.0218

Control

0.356

0.020

0.184-0.487

0.0153

0.0011

0.0067-0.0228

Experimental

0.320

0.019

0.144-0.509

0.0134

0.0010

0.0060-0.0237

Table 2.11. Results of REML analysis testing the effects of genes (sire size class),
environment (diet) and gene by environment interaction with temperature as a covariate
on female size at maturity.

Trait
SL

Mass

Source

d.f.

F

p

Sire Size

2, 10

0.043

0.959

Diet

2, 131

0.669

0.415

Sire Size x Diet

2, 131

0.892

0.412

Temp

1, 118

5.500

0.021

Sire Size x Temp

2, 116

1.274

0.284

Diet x Temp

1, 132

2.692

0.103

Sire Size x Diet x Temp

2, 131

0.560

0.573

2, 9

0.014

0.986

Diet

1, 131

0.387

0.535

Sire Size x Diet

2, 130

0.921

0.401

Temp

1, 114

4.329

0.040

Sire Size x Temp

2, 112

1.288

0.280

Diet x Temp

1, 133

1.291

0.258

Sire Size x Diet x Temp

2, 131

0.453

0.637

Sire Size
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Table 2.12. Results of REML analysis testing the effects of genes (sire size class),
environment (diet) and gene by environment interaction with temperature as a covariate
on female time to maturity.

Trait
Time to
Maturity

Source

d.f.

F

p

2, 7

0.122

0.887

Diet

1, 131

2.221

0.139

Sire Size x Diet

2, 131

0.724

0.487

Temp

1, 83

2.387

0.126

Sire Size x Temp

2, 79

0.307

0.737

Diet x Temp

1, 132

0.701

0.404

Sire Size x Diet x Temp

2, 131

1.035

0.358

Sire Size
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Table 2.13. Results of REML analysis testing the effects of genes (sire size class),
environment (diet) and gene by environment interaction with temperature as a covariate
on female growth rates to maturity.

Trait
SL Growth

Source

d.f.

F

p

2, 9

0.079

0.924

Diet

1, 132

3.170

0.077

Sire Size x Diet

2, 132

0.845

0.432

Temp

1, 82

1.203

0.276

Sire Size x Temp

2, 78

0.834

0.438

Diet x Temp

1, 133

0.347

0.557

Sire Size x Diet x Temp

2, 132

2.030

0.135

2, 9

0.135

0.875

Diet

1, 132

4.733

0.031

Sire Size x Diet

2, 132

0.141

0.869

Temp

1, 95

0.076

0.784

Sire Size x Temp

2, 92

1.040

0.358

Diet x Temp

1, 133

0.135

0.714

Sire Size x Diet x Temp

2, 132

0.905

0.407

Sire Size

Mass Growth Sire Size
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Mass Growth to Maturity (g/day)

0.012

Control

Experimental

0.010
0.008
0.006
0.004
0.002
0.000
Small

Intermediate

Large

Sire Size Class

Figure 2.2. Average mass growth rate to maturity for male offspring of small,
intermediate and large sires reared on the control or experimental diet.
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Mass Growth to Maturity (g/day)

Control

Experimental

0.018
0.016
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000
Small

Intermediate

Large

Sire Size Class

Figure 2.3. Average mass growth rate to maturity for female offspring of small,
intermediate and large sires reared on the control or experimental diet.
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Discussion

The majority of the traits examined in this study were not affected by sire
size class, dietary protein to carbohydrate ratio or the interaction between genetic
and environmental factors for either males or females. For both sexes, the only
trait significantly different between diets was mass growth rate; individuals fed
the high protein, low carbohydrate diet increased in mass more quickly during
development. However, this did not result in any differences in mass at maturity,
nor was it the result of differing times to maturity between diets. Female traits
were more variable than males when reared at different temperatures; female
length and mass at maturity were significantly decreased with increased average
temperatures during development, while no such temperature effects were found
in the expression of male traits in this study. Overall, the results of this
experiment differed from expectations, but these data provide valuable insights
into the expression of life history traits in P. latipinna.
The finding that male length at maturity and time to maturity did not have
a strong genetic component in males was surprising and contrary to a previous
study in P. latipinna (Travis 1994a, b) and the pattern of inheritance described for
male body length in swordtails (Kallman 1989). My sires ranged in SL from 2558 mm, while sons ranged from 18-54 mm, with only four male offspring maturing
at sizes greater than 35 mm SL. Previous studies in poeciliid fishes have
suggested that time to maturity and length at maturity in males is strongly Y-
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linked with nearly 100% heritability (swordtails: Kallman & Borkoski 1978;
Kallman 1989; Zimmerer & Kallman 1989; Lampert et al. 2010; guppies: Karino &
Haijima 2001; Miller & Brooks 2005; sailfin mollies: Travis 1994a, b). In
swordtails, this Y-linkage has been hypothesized to be the result of the P-locus
on the Y-chromosome, which influences initiation of sexual maturity through
activation of the hypothalamus-pituitary-gonadal (HPG) axis stimulating
development of the gonopodium in males and other secondary sexual characters
(e.g., sword; Kallman & Borkoski 1978; Kallman 1989; Zimmerer & Kallman
1989). Recently, a candidate gene, mc4r, has been implicated in male size and
time to maturity and may represent the previously described P-locus (Lampert et
al. 2010). Accumulation of non-functional mc4r B alleles due to gene
duplications in males is hypothesized to delay the onset of maturity (Lampert et
al. 2010). Therefore, males with increased copy number of mc4r B allelic forms
are expected to reach a larger size before the cessation of growth at maturity due
to their longer period of growth during ontogeny. Both versions of B alleles (B1 &
B2) have been described at mc4r in P. latipinna using DNA bp amplicon length of
mc4r PCR products (Ptacek et al., in prep.). In addition to fragment length
genotyping, B2 alleles have been sequenced in males of P. latipinna and show
highly conserved sequences as well as the same deleted region as found in
swordtails, suggesting a potentially similar function. However, the results of my
study indicate that the Y-linked P locus inheritance of male standard length and
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time to maturity may not be the sole contributor to male size at maturity, at least
in the single north Florida population used in my breeding design.
Past breeding designs using heterospecific crosses in swordtails have
found a proportion of male offspring that either show precocious or delayed
maturation in hybrid individuals (Bao & Kallman 1982). In some genotypes, all
individuals exhibited precocial maturity suggesting that the P locus size genotype
was modified by autosomes. Precocious, but not delayed, maturation was also
observed in crosses between P. latipinna and a shortfin molly species, P.
mexicana where half the sons of each cross matured early and at a reduced size
(Ptacek 2002). I only observed one case of delayed maturation with a 25 mm
small sire producing a single 39 mm intermediately-sized son; the remaining
sons in this family ranged from 21 to 33 mm SL. Conversely, 80 of 119 reared
male offspring matured at lengths more than 10 mm smaller than the length of
their sire and all but three individuals matured at a SL smaller than their sire.
Although not previously reported for within-species crosses, these results
suggest that autosomal modifiers to the P locus in P. latipinna may have the
ability to affect time to and size at maturity. Thus, early or delayed maturation
may be common in poeciliid size inheritance, not just a result of interactions
between Y-linked genes and a hybrid autosomal background (Bao & Kallman
1982). Future work should examine this question by controlling more strictly for
autosomes within a species and using breeding designs that alter social and
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other environmental factors that may influence size and time to maturity in male
mollies.
Recent work in zebrafish (Danio rerio) has shown that suppression of
Mc4r by agouti related protein (AgRP) decreased total length in juveniles,
resulting in shorter length as adults, and decreased growth in juveniles (Song &
Cone 2007; Zhang et al. 2012). Thus, individuals with more mc4r expression
were smaller and showed decreased growth much like individuals with few to no
non-functional mc4r B alleles in swordtails (Lampert et al. 2010; Zhang et al.
2012). Furthermore, Zhang et al. (2012) reported a link between increased IGF-I
gene expression and decreased Mc4r signaling, suggesting that both mc4r
genotype and diet’s effects through IGF-I can change the growth and size of fish.
I found no evidence of this in either male or female sailfin molly length at maturity
or length growth rates. These traits did not display any significant effects of
genes, diet or a GxE interaction. This may be due to environmental variation
(lack of social stimulation, dietary changes not captured by this study, etc.) or
that this population regulates size differently. In the future it would be interesting
to examine the mc4r copy number for all allelic forms and IGF-I levels in these
offspring to determine if either were related to length at maturity or time to
maturation. This would provide a picture of gene and environment changes at a
more proximate level and thus be informative of the molecular mechanisms
underlying size at maturity.
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Although paternal genotype was expected have a strong effect on the
traits measured in this experiment based on previous research (Kallman &
Borkoski 1978; Kallman 1989; Zimmerer & Kallman 1989; Travis 1994a, b;
Karino & Haijima 2001; Miller & Brooks 2005; Lampert et al. 2010), other studies
have also suggested a dietary effect on the expression of growth, time to maturity
and body size in poeciliids (swordtails: Kruger et al. 2001; James & Sampath
2004; Ling et al. 2006; guppies: Dahlgren 1980; Reznick 1982, 1983, 1990;
Reznick & Bryga 1987; Hughes et al. 2005; mollies: Tekelioglu et al. 2005). For
a majority of the measured traits (standard length, mass, standard length growth
to maturity and time to maturity) I found no environmentally-driven variation.
Mass growth rate was the exception. Mollies on the low protein, high
carbohydrate diet responded similarly to mollies and swordtails with decreased
protein in the diet and guppies with reduced food availability in that they
decreased their mass growth rate (Reznick 1982, 1983, 1990; Reznick & Bryga
1987; Kruger et al. 2001; James & Sampath 2004; Tekelioglu et al. 2005). This
suggests that diet was indeed able to impact some aspects of life history in P.
latipinna. By increasing in mass more quickly, individuals ingesting a higher
protein diet may have an advantage in survival. Trexler et al. (1992) reported
that size at 3 weeks of age was the best predictor of survival in a field-reared
population of sailfin mollies. Thus, regardless of size at maturity, having an
increased growth rate has the potential to result in an increased probability of
surviving to maturity.
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I also found no genotype by environmental interactions in any of the traits
that were measured in males or females. Since IGF-I and mc4r have been
shown to have a link in other fish species, I expected that there would be a GxE
interaction on growth rates and size at maturity (Zhang et al. 2012). However,
this was not the case. The lack of larger males (> 48 mm SL) maturing in this
experiment may have obscured any GxE effects on growth and size at maturity in
my experiment. From all size classes of sires almost all of the individual males
matured at less than 35 mm SL, which is in the small size class. I expected the
GxE interaction to be driven by differences in maturation time and size at
maturity between small and large offspring since they differ most in the time
period during development, allowing diet to affect different genotypes differently
before maturation. Therefore, the lack of offspring maturing at larger sizes may
have been a contributing factor of the non-significant GxE terms in at least some
of the measured traits. More large male offspring should be raised to confirm this
hypothesis.
Although diet had a significant effect on mass growth rate for both sexes,
females traits were more susceptible to changes in rearing temperature. Female
body size (both length and mass) was decreased for individuals reared at higher
temperatures. These findings match that of a previous breeding design using
sailfin mollies from similar north Florida populations (Trexler et al. 1990). In this
previous research, temperature was found to have a strong effect on female size
at maturity, but had no effect on male size at maturity; the same findings
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presented in my thesis. This suggests that females are more susceptible to
environmental factors such as temperature than males.
Furthermore, the direction of change in size at maturity (smaller at
increased temperatures) for females supports a well-studied temperature-size
rule, where hotter temperatures result in smaller body sizes (reviewed in
Kingsolver & Huey 2008). Smaller body sizes at maturity in female P. latipinna
with no change in growth rate may represent an effect of temperature on
developmental rate directly (van der Have & de Jong 1996). This suggests that
temperature has an effect on the timing of hormonal events important in the
onset of maturity (Davidowitz et al. 2003, 2004; Kingsolver & Huey 2008;). If this
is occurring, female mollies may develop faster, thus reaching sexual maturity at
smaller body sizes. This could be beneficial if maturing at smaller body sizes
meant time to maturity was also decreased. Although temperature did not
significantly affect time to maturity, there was a significant positive relationship
between time to maturity and size at maturity in females for both length
(r2=0.279, F=57.121, p<0.0001) and mass (r2=0.371, F=86.467, p<0.0001).
Thus, these individuals may have a longer time period to reproduce even though
they are initially smaller and therefore have decreased fecundity (Travis et al.
1990).
The lack of many significant life history trait changes in response to sire
genotype, diet or their interaction may be related to the relatively small number of
families that have been reared thus far (14 across all three size classes).
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However, for males at least, I think it is more likely due to the fact that all but four
male offspring matured at lengths less than 35 mm SL. Although none of the
statistical results changed by excluding these outliers, if more males matured at a
larger size and thus, took longer to mature, differences in dietary environment
would have had more time to affect size and growth. Therefore, the effects of
diet and mc4r genotype by diet interaction may be driven by individuals that
mature later and at a larger size and thus, were not detected in my experiment.
I think that the prevalence of males maturing at small sizes in this study
could be due to the lack of social stimuli during ontogeny. Individuals were
reared singly in aquaria and visually isolated from other fish using black plastic
dividers. The previous study on the inheritance of size in male P. latipinna where
male length at maturity was shown to be strongly Y-linked, reared offspring
without opaque dividers between tanks to allow visual stimuli (Ptacek, pers.
comm.). Furthermore, studies in other poeciliid fishes have shown that social
environment plays a key role in the expression of growth, time to maturity and
adult size (Borowsky 1973, 1978, 1987; Sohn 1977; Campton & Gall 1988). For
example, in the swordtail, X. maculatus, larger juveniles of a pair matured early
and delayed the maturity of their paired conspecific, sometimes as much as 79
days (Borowsky 1973, 1987; Sohn 1977). Furthermore, Sohn (1977) reported
that early maturing fish were significantly smaller at maturity than the fish whose
maturity was inhibited. These studies indicate that social rearing environment
plays an important role in size at maturity for male Xiphophorus in a species
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where there is well documented Y-linked P locus inheritance (Borowsky 1973,
1987; Sohn 1977; Kallman 1989). Therefore, it is expected that social group
during ontogeny would also have a strong effect on growth and development in
male P. latipinna. Although Farr & Travis (1989) showed no effects of social
rearing condition (alone versus pairs) on male size in P. latipinna, individually
reared offspring still received visual stimuli from other tanks (unlike in my study).
Future studies should examine how conspecific visual cues during ontogeny
affect size at maturation for both males and females.
My thesis work has demonstrated that there is still much to learn about
size inheritance in sailfin mollies. Although strong Y-linkage has been reported
for this species (Travis 1994a, b), my results suggest that this pattern is not
universal. Future work should determine the mc4r genotype and allelic copy
numbers for sires and sons to determine how copy number variation at this
homeostasis gene is related to size at maturity in mollies and other poeciliids. If
large sires (e.g., Lampert et al. 2010) and their small sons both show increased B
allele copy number, autosomal modifiers may be playing a larger role in the
inheritance of male size in mollies than in swordtails. Furthermore, the effect of
the environment should also be considered in future experiments. My thesis
work has shown that environmental factors have the ability to impact some, but
not all traits. If more male offspring are reared that mature at larger sizes, dietary
environment and GxE interactions are expected to show a greater effect. A
study with offspring maturing in the natural range of male size could answer
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these questions. It would also be beneficial to determine the IGF-I profiles of
these fish to determine if IGF-I levels are related to the differences in mass
growth rate seen between diets. Finally, more offspring from additional sire-dam
combinations should be reared to estimate heritability for these traits.
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CHAPTER THREE

DIET-INDUCED ALLOMETRIC SHIFTS OF MORPHOLOGICAL TRAIT
EXPRESSION IN THE SAILFIN MOLLY, POECILIA LATIPINNA

Introduction

Both natural and sexual selection play a role in shaping an organism’s
phenotype, particularly for morphological traits (Andersson & Iwasa 1996).
Sexual selection generally favors the evolution of characteristics that are highly
exaggerated, while natural selection often acts to decrease the size of
morphological traits through sources such as increased predation on individuals
with flashier phenotypes (Andersson 1994; Andersson & Iwasa 1996).
Polymorphism in male secondary sexual traits arises either as a result of malemale competition—which leads to the development of exaggerated weapons
(e.g. horns or spines) for fighting other males—or female choice—which leads to
extravagant ornaments (e.g. increased fin size in fish or colorful plumage in
birds) used for attracting females (Andersson 1994). Variation among males in
morphological traits often results in the development of alternative mating
strategies, where larger individuals with more extreme weapons or ornaments
utilize courtship behavior or mate guarding, while smaller individuals with
reduced morphological traits employ a sneaking or satellite strategy (Gross 1996;
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Shuster & Wade 2003; Oliveira et al. 2008; Shuster 2010; Neff & Svensson
2013). Thus, the study of morphological trait evolution has important implications
for understanding the expression of alternative mating systems in many species.
Differences in the relative size and shape of morphological traits are
common within species, especially in traits that are under sexual selection (Gould
1966; Bonduriansky & Day 2003; Stevens 2009). The study of morphological
trait size in relation to body size is known as allometry (Huxley 1924, 1932; Gould
1966). A trait is said to be positively allometric if the size of the trait increases
more quickly than body size, resulting in larger individuals with relatively larger
size-associated traits (Huxley 1924, 1932; Gould 1966; Bonduriansky & Day
2003; Stevens 2009). Many traits under sexual selection—particularly
ornaments and weapons—show positively allometric relationships with body size
(Bonduriansky & Day 2003; Simmons & Emlen 2006). Conversely, negative
allometry occurs when the size of the trait increases more slowly than body size,
resulting in smaller individuals with relatively larger trait sizes (Huxley 1924,
1932; Gould 1966; Bonduriansky & Day 2003; Stevens 2009). For example,
genitalia and testes often display negative allometry, suggesting a possible tradeoff in individuals with larger secondary sexual characteristics having smaller
primary sexual traits (Simmons & Emlen 2006). Isometry occurs when the trait of
interest and body size increase at equal rates over a range of sizes (Huxley
1924, 1932; Gould 1966; Bonduriansky & Day 2003; Stevens 2009).
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Allometry was originally studied in the narrow-sense, which considers the
relationship Y = aXb where Y is the trait of interest and X is body length (Huxley
1924, 1932; Stevens 2009; Houle et al. 2011; Voje & Hansen 2013). A
logarithmic transformation linearizes this relationship resulting in log(Y) = log(a) +
blog(X) with b representing the allometric slope parameter. Since models
considering the allometry-as-constraint hypothesis were based on this specific
relationship, it is necessary to consider the narrow-sense allometry when testing
if allometric relationships between traits constrain evolutionary change (Houle et
al. 2011; Voje & Hansen 2013). Some more recent work has focused on broadsense allometry which relates untransformed, often non-linear relationships
between a trait of interest and body size (Frankino et al. 2009; Houle et al. 2011;
Voje & Hansen 2013). Broad-sense allometry allows one to account for shape
changes across a size distribution of individuals and this relationship is also
interesting to consider. By comparing broad-sense allometric relationships of
traits and body size to the same allometric relationships in the narrow-sense, I
was able to assess both shape changes due to environmental variation as well
as whether these changes are constraining evolution of alternative mating
strategies.
Diet is an important environmental influence that has the potential to alter
the allometric relationship between morphological traits and body size (Emlen
1994; 1997; Moczek 1998; Moczek & Emlen 1999; Emlen et al. 2006). Since diet
is the primary exogenous regulator of levels of insulin-like growth factor I (IGF-I)
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and high levels of protein synthesis—which are regulated through the insulin/IGF
pathway (Chapter 1; Figure 1.1)—are needed for cell proliferation in the
development of morphological traits, it is likely that dietary differences are
regulating IGF-I expression and in turn promoting differential growth (Johnston &
Gallant 2002; Emlen & Allen 2004; Emlen et al. 2006). Furthermore,
morphological structures may differ in their sensitivity to variation in IGF-I levels,
resulting in some traits that respond strongly to dietary fluctuations (e.g.,
weapons and ornaments) and others that respond weakly or do not change at all
(e.g., genitalia; Shingleton et al. 2005; Emlen et al. 2006, 2012; Tang et al.
2011). This system has been well described in insects (Shingleton et al. 2005;
Emlen et al. 2006) and because IGF-I and the insulin pathway are highly
conserved in metazoans, it is likely it also acts on vertebrate morphology in a
similar fashion (Duan 1997, 1998; Rousseau & Dufour 2007). In this study, I
aimed to determine if diet quality would alter the allometric relationship between
trait size and body size in sailfin mollies, Poecilia latipinna. By determining which
trait allometries do and do not change with dietary variations, I could assess
which characters are likely to be insulin/IGF sensitive and thus, may be honest
signals of mate quality (Emlen et al. 2012).
The sailfin molly is an ideal system in which to study the evolution of
morphological characters and how variation among males may lead to the
development of alternative mating strategies. Mollies, like many poeciliids, have
internal fertilization and, thus, morphological traits that increase a male’s chance
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of successful fertilization (i.e., dorsal fin size) are under intense sexual selection
(Constantz 1989). Male P. latipinna do not increase in body size after maturity,
thus, small males will never reach the size of a large male (Chapter 1: Figure
1.3). Male body size varies both within and between populations and is
phenotypically correlated with morphological trait size and alternative mating
strategy (Snelson 1985; Farr et al. 1986; Ptacek & Travis 1996). The sailfin
molly ornament is the dorsal fin and it shows strong positive allometry with male
body size (ln-ln slope=3.8-4.1; Chapter 1, Figure 1.4; Hankison & Ptacek 2007).
Large males have highly exaggerated dorsal fins which they raise during
courtship display behavior (Farr et al. 1986; Travis et al. 1990; Ptacek & Travis
1996; Seda et al. 2012). Since females prefer males with large lateral projection
areas (sum of body, dorsal fin and caudal fin areas), there is strong sexual
selection for increased dorsal fin size (Marler & Ryan 1997; Ptacek & Travis
1997; Gabor 1999; Gabor & Page 2003; MacLaren et al. 2004; MacLaren 2006).
Small males possess reduced dorsal fins and resort to a sneaking behavior
termed gonopodial thrusts where they swing their intromittent organ (the
gonopodium) towards the female, attempting copulation without her cooperation
(Farr et al. 1986; Travis et al. 1990; Ptacek & Travis 1996; Seda et al. 2012).
Small males have been shown to have an increased relative size of the
gonopodium compared to large males (negative allometry), most likely the result
of selection to increase successful sperm transfer during forced insemination
attempts (Farr 1989; Seda et al. 2012).
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Male size at maturity and size-associated morphological traits have been
shown to have both genetic and environmental influences on their expression in
sailfin mollies. A previous breeding design investigating the inheritance of male
size at maturity suggested strong Y-linkage controlling this trait in P. latipinna
(Travis 1994a, b), similar to the genetic pattern described for a related group of
poeciliids, swordtails in the genus Xiphophorus (Kallman 1989). A candidate
gene on the Y chromosome in swordtails, the melanocortin 4 receptor (mc4r),
has more recently been implicated in male size inheritance in poeciliids (Lampert
et al. 2010). Previous interspecific crosses of sailfin mollies with sister taxa that
lack exaggerated dorsal fins (shortfin mollies) have indicated an autosomal
polygenic inheritance pattern for dorsal fin size, suggesting that environment may
also play an important role in ornament development in mollies (Ptacek 2002;
Loveless et al. 2009).
In contrast to males, female mollies show indeterminate growth and
increase in size throughout their lifetime (Cummings 1943; Ptacek & Travis
1996). Morphological features of female P. latipinna have not been as widely
studied as male characteristics. However, morphological differences between
females most certainly play a role in survival and mating success. For example,
increased body area is related to fecundity, with larger individuals producing
more offspring (Travis et al. 1990) as well as having higher survival when preyed
upon by wading birds but having lower mortality overall (Trexler et al. 1992;
1994). Therefore, studying the relationship between morphological traits and
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body size, as well as how diet may influence female morphology, is important to
understanding how female characteristics may evolve and be constrained
compared to male traits (Ghalambor et al. 2003; Hendry et al. 2006).
To determine how diet influences morphology, I used offspring from a
maternal half-sibling breeding design, fed either a control high protein, low
carbohydrate diet or experimental low protein, high carbohydrate diet. From
morphological trait measures of these offspring I was able to determine 1) which
traits showed fluctuations due to diet, and thus, may be insulin/IGF sensitive, 2)
the degree to which diet was able to shift the allometry of these traits and 3)
whether narrow-sense and broad-sense allometric scalings gave similar or
divergent results for these traits. By examining these objectives in both males
and females, I was able to determine if there were any similarities between the
sexes suggesting a similar developmental origin or if the genders differed in the
control and trajectory of morphological trait expression.
In males, I hypothesized that dorsal fin area (and other dorsal fin
measurements) would be the most insulin sensitive, thus, showing larger shifts in
allometry due to diet since it is an exaggerated ornamental trait. Such sexually
selected traits are expected to show the greatest sensitivity to changes in insulin
signaling (Emlen et al. 2006). Conversely, gonopodium length (a nonexaggerated sexual trait) was expected to show little sensitivity to changes in diet
and no shifts in allometry. Caudal fin area and body area are under both natural
and sexual selection (Endler 1995; MacLaren et al. 2004; MacLaren 2006), and
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therefore, should show shifts that were intermediate to the expected large shifts
in dorsal fin area and small shifts in gonopodium length. I predicted that narrowsense and broad-sense allometric relationships should show differences in
response to diet, especially in those traits exhibiting non-linear untransformed
relationships with body size (e.g., dorsal fin area). Males and females were
expected to differ in their sensitivities to diet especially in dorsal fin area
changes, with greater changes predicted for males with more exaggerated
development of the dorsal fin.

Methods

Offspring were reared in a maternal half-sibling breeding design to
determine how diet during ontogeny may shift the relationship between
morphological traits and body size (Falconer & McKay 1996; see Chapter 1 for a
detailed description). Briefly, sires from three size classes (small<35 mm;
intermediate: 38-45 mm; large>48 mm) were each mated to two virgin dams. At
parturition, 24 offspring from each sire-dam combination (family) were split
equally between two diet conditions, resulting in 12 offspring who were reared on
a high protein, low carbohydrate control diet (38% protein, 57% carbohydrates,
5% lipid) and 12 who received a low protein, high carbohydrate experimental diet
(19% protein, 76% carbohydrate, 5% lipid) during ontogeny (Angels Plus, Olean,
New York, U.S.A.). Offspring were fed twice daily with amounts increasing
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monthly with age until they reached sexual maturity. For males, maturity was
determined by the full fusion of the anal fin into the gonopodium (Chapter 2,
Figure 2.1; Cummings 1943). Females were determined to be mature when a
brood spot was visible (Chapter 2, Figure 2.1; Constantz 1989).
At maturity, 14 morphological traits were measured in males and 13 in
females (Figure 3.1). To quantify these traits, individuals were anesthetized
(buffered 0.1% MS-222) and placed on a dissecting tray. The individual’s dorsal
and caudal fins were spread and the gonopodium (in males) was positioned
away from the body with insect mounting pins. Digital photographs (Canon
Rebel XSi) of the left side of each offspring were taken and measurements were
made using NIH ImageJ (version 1.45s) for 10 linear (9 in females) and 3 area
morphological traits (Figure 3.1). Dorsal fin ray number was also counted.
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Figure 3.1. Linear and area measurements made on Poecilia latipinna: PAD, pre-anal
distance; PDD, pre-dorsal distance; DMB, depth at mid-body (from the anterior insertion
point of the dorsal fin to the anterior insertion point of the gonopodium/anal fin); LFFR,
length of first dorsal fin ray; LDF, length of dorsal fin; LLFR, length of last dorsal fin ray;
LG, length of the gonopodium; DCP, depth at the caudal peduncle; LCF, length of the
caudal fin; HCF, height of the caudal fin; BA, body area (left side); DFA, dorsal fin area
(lateral image of left side of fin); CFA, caudal fin area (lateral image of left side of fin).
Dorsal fin ray number was also recorded.
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Statistical Analyses

All statistical analyses were performed using JMP Pro version 10 software
(Cary, North Carolina). Males and females were analyzed separately in all
statistical tests. To determine differences due to diet in narrow-sense allometry,
natural log (ln) transformations of all traits and standard length (SL) were taken.
A simple linear regression between the ln transformed trait and ln transformed SL
for individuals on each diet was created to calculate the adjusted r2 values, slope
and 95% confidence intervals of the slope. A REML model was used to test for
differences due to SL, diet and SL by diet interactions (linear slope differences
due to diet). To control for family level differences, family within sire size class
and family within sire size class by diet were considered random factors in the
model.
To determine if there were differences due to diet in broad-sense
allometry, untransformed trait and SL values were used. Since some traits scale
linearly with SL and others scale quadratically, both linear and quadratic lines of
best fit were fit onto trait versus SL plots for each diet separately. A ShapiroWilk’s W Test of the residuals for each trait was used to determine which model
(linear versus quadratic) best fit the data for a certain morphological trait. In
cases where normality was rejected for both linear and quadratic relationships,
the fit with the higher test statistic value (W) was chosen. The same rationale
was employed for traits where both linear and quadratic relationships were
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normal. For both traits determined to be linear and those determined to be
quadratic, the adjusted r2 values (both linear and quadratic), linear portion of the
slope and 95% confidence intervals of the linear slope were determined using a
trait by SL regression. For quadratic traits, the polynomial portion of the slope
and the 95% confidence interval for this slope were also determined from the
regression. The mean trait value ± standard error was also calculated. To test
for differences due to diet for both linear and quadratic traits, a REML model was
used with family within sire size class and family within sire size class by diet as
random factors to control for differences between families. For linear
relationships the fixed effects were SL, diet (differences at mean SL), and SL by
diet (linear slope differences due to diet) and for quadratic relationships the fixed
effects were SL, diet (differences at mean SL), SL by diet (linear slope
differences due to diet), SL by SL and SL by SL by diet (quadratic slope
differences due to diet).

Results

In total, I reared 14 families that produced 119 male offspring and 145
female offspring for morphological trait measures (Table 3.1). This included 61
males fed the control diet and 58 males fed the experimental diet as well as 69
control-fed females and 76 experimental-fed females.
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The r2, slope and 95% confidence interval (CI) of the slope for relationship
between each ln transformed morphological trait and ln transformed SL are
recorded in Table 3.2 for males and Table 3.3 for females. For males, the only
significant dietary effect on narrow-sense allometry occurred with depth of the
caudal peduncle (DCP; Table 3.2) with experimental-fed males having increased
slope compared to control individuals (Figure 3.2). For females, fin ray number
(FR#) showed an increased slope for offspring fed the experimental diet (Table
3.3; Figure 3.3).
The r2 value of the slope for each diet and the output from the ShapiroWilk’s W Test are shown in Table 3.4 for males and Table 3.5 for females for
both linear and quadratic lines of best fit. In males, length of the dorsal fin (LDF),
pre-dorsal distance (PDD), length of the gonopodium (LG), depth of the caudal
peduncle (DCP), length of the caudal fin (LCF), height of the caudal fin (HCF)
and fin ray number (FR#) were found to fit a linear model (Table 3.4). Length of
the first dorsal fin ray (LFFR), length of the last dorsal fin ray (LLFR), dorsal fin
area (DFA), pre-anal distance (PAD), depth at mid-body (DMB), caudal fin area
(CFA) and body area (BA) had a better quadratic fit for males (Table 3.4). For
females, length of the dorsal fin (LDF), length of the first dorsal fin ray (LFFR),
dorsal fin area (DFA), pre-dorsal distance (PDD), depth at mid-body (DMB),
depth of the caudal peduncle (DCP), length of the caudal fin (LCF) and height of
the caudal fin (HCF) fit the linear model (Table 3.5). Length of the last dorsal fin
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ray (LLFR), pre-anal distance (PAD), caudal fin area (CFA), body area (BA) and
fin ray number (FR#) were found to fit the quadratic relationship (Table 3.5).
For untransformed traits representing broad-sense allometric relationships
with SL, the slope and 95% CI are presented in Tables 3.6 (males) and 3.7
(females). Traits that were found to fit the linear model best have these linear
aspects presented in Tables 3.6 and 3.7 as well as the p-value testing
differences between diets in linear slope. Traits that were found to fit a quadratic
model have both the linear and quadratic aspects of the fit as well as p-values
testing for diet differences in both the linear and quadratic portion of the slope
presented in Table 3.6 and 3.7. The linear portion of the slope of DCP, PPD,
DMB and LDF in males differed between diets (Table 3.6; Figures 3.4-3.7).
Experimental-fed males had a higher slope for DCP, PDD and DMB (Table 3.6;
Figures 3.4-3.6), while control-fed males had a greater slope for LDF (Table 3.6;
Figure 3.7). In males, the quadratic portion of the slope differed for LLFR, BA
and DFA (Table 3.6; Figures 3.8-3.10). The quadratic slope for LLFR and BA
was higher in males fed the experimental diet (Table 3.6; Figure 3.8-3.9). For
DFA, males fed the control diet had a greater quadratic slope (Table 3.6; Figure
3.10). In females, there were no linear or quadratic dietary slope differences for
any traits (Table 3.7).
The mean, SE and range of each untransformed morphological trait are
presented in Tables 3.8 and 3.9 for males and females, respectively. For the
average SL, no male traits showed mean differences (Table 3.8). Females
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differed in PDD for the average SL with control-fed individuals having a higher
mean value than experimental-fed offspring (Table 3.9).
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Table 3.1. Total number of sires and families for each size class as well as the number
of male and female offspring reared from each size class and diet.

Sire Size
Class
Small
(<30 mm)

Sires
3

Intermediate
(38-45 mm)

2

Large
(>48 mm)

3

Families

Diet

Male
Offspring

Female
Offspring

Control

18

20

Experimental

15

27

Control

17

26

Experimental

21

22

Control

26

23

Experimental

22

27

5

4

5
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Table 3.2. The r2, slope and 95% confidence interval (CI) of the slope for the relationship
between each ln transformed morphological trait and ln transformed SL for males reared
on a high protein, low carbohydrate control diet or a low protein, high carbohydrate
experimental diet. P-values represent differences in narrow-sense allometric slopes
between diets.

Trait
LDF
LFFR
LLFR
DFA
PDD
PAD
LG
DMB
DCP
LCF
HCF
CFA
BA
FR#

Diet
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental

r2
0.820
0.678
0.384
0.413
0.396
0.414
0.826
0.558
0.911
0.870
0.899
0.795
0.677
0.374
0.951
0.905
0.941
0.875
0.656
0.627
0.643
0.557
0.760
0.766
0.982
0.934
0.122
0.036

Slope
1.321
1.199
1.043
1.373
1.464
2.160
2.800
2.903
0.746
0.833
0.915
0.804
0.732
0.730
1.051
1.154
1.087
1.238
0.939
1.255
1.295
1.342
2.223
2.468
2.011
2.099
0.226
0.197
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95% CI
1.161-1.480
0.981-1.417
0.706-1.380
0.944-1.802
1.003-1.926
1.486-2.833
2.467-3.132
2.222-3.584
0.686-0.806
0.748-0.919
0.836-0.994
0.696-0.912
0.602-0.862
0.483-0.978
0.989-1.112
1.055-1.253
1.017-1.157
1.113-1.362
0.764-1.114
1.000-1.510
1.047-1.543
1.026-1.658
1.903-2.548
2.107-2.830
1.940-2.082
1.950-2.247
0.078-0.373
-0.027-0.422

p
0.189
0.153
0.090
0.599
0.053
0.165
0.646
0.088
0.021
0.137
0.601
0.362
0.342
0.292

Table 3.3. The r2, slope and 95% confidence interval (CI) of the slope for the relationship
between each ln transformed morphological trait and ln transformed SL for females
reared on a high protein, low carbohydrate control diet or a low protein, high
carbohydrate experimental diet. P-values represent differences in narrow-sense
allometric slopes between diets.

Trait
LDF
LFFR
LLFR
DFA
PDD
PAD
DMB
DCP
LCF
HCF
CFA
BA
FR#

Diet
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental

r2
0.817
0.881
0.386
0.615
0.203
0.410
0.631
0.837
0.789
0.960
0.770
0.894
0.813
0.887
0.883
0.943
0.603
0.653
0.589
0.643
0.713
0.772
0.948
0.970
-0.015
0.141

Slope
1.271
1.211
1.329
1.423
1.163
1.521
2.642
2.650
0.933
0.951
0.991
0.998
0.962
0.966
1.181
1.114
1.155
1.133
1.329
1.077
2.469
2.190
1.998
1.988
0.012
0.196
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95% CI
1.125-1.416
1.109-1.313
0.928-1.730
1.163-1.684
0.621-1.705
1.102-1.939
2.155-3.129
2.379-2.920
0.816-1.050
0.906-0.996
0.860-1.122
0.919-1.077
0.850-1.073
0.887-1.045
1.078-1.285
1.052-1.177
0.929-1.380
0.944-1.322
1.061-1.596
0.893-1.261
2.091-2.847
1.916-2.463
1.885-2.111
1.908-2.068
-0.132-0.156
0.089-0.303

p
0.328
0.489
0.226
0.991
0.636
0.775
0.938
0.260
0.962
0.117
0.277
0.656
0.044

Table 3.4. The r2 value of linear and quadratic fits for regressions of each untransformed
traits and SL to represent broad-sense allometry for males reared on a high protein, low
carbohydrate control diet or a low protein, high carbohydrate experimental diet. The test
statistic (W) and p-value for the Shapiro-Wilk’s W Test for residual normality of each fit
are also shown.

Trait

Diet
Control
LDF
Experimental
Control
LFFR
Experimental
Control
LLFR
Experimental
Control
DFA
Experimental
Control
PDD
Experimental
Control
PAD
Experimental
Control
LG
Experimental
Control
DMB
Experimental
Control
DCP
Experimental
Control
LCF
Experimental
Control
HCF
Experimental
Control
CFA
Experimental
Control
BA
Experimental
Control
FR#
Experimental

2

r
0.870
0.660
0.569
0.466
0.521
0.535
0.825
0.664
0.935
0.879
0.934
0.807
0.738
0.403
0.971
0.916
0.964
0.886
0.753
0.688
0.816
0.560
0.872
0.789
0.956
0.909
0.163
0.036

Linear
W

p

0.963

0.002

0.996

0.979

0.983

0.150

0.867

<0.0001

0.965

0.004

0.993

0.817

0.989

0.447

0.987

0.310

0.987

0.305

0.997

0.996

0.987

0.306

0.937

<0.0001

0.925

<0.0001

0.974

0.019
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2

r
0.868
0.700
0.592
0.465
0.522
0.600
0.977
0.668
0.935
0.894
0.944
0.804
0.739
0.393
0.973
0.915
0.967
0.890
0.750
0.687
0.823
0.560
0.946
0.787
0.994
0.951
0.172
0.026

Quadratic
W

p

0.961

0.002

0.997

0.998

0.988

0.388

0.995

0.936

0.962

0.002

0.994

0.903

0.988

0.410

0.988

0.362

0.984

0.185

0.996

0.976

0.986

0.261

0.987

0.425

0.987

0.335

0.967

0.005

Table 3.5. The r2 value of linear and quadratic fits for regressions of each untransformed
traits and SL to represent broad-sense allometry for females reared on a high protein,
low carbohydrate control diet or a low protein, high carbohydrate experimental diet. The
test statistic (W) and p-value for the Shapiro-Wilk’s W Test for residual normality of each
fit are also shown.

Trait

Diet
Control
LDF
Experimental
Control
LFFR
Experimental
Control
LLFR
Experimental
Control
DFA
Experimental
Control
PDD
Experimental
Control
PAD
Experimental
Control
DMB
Experimental
Control
DCP
Experimental
Control
LCF
Experimental
Control
HCF
Experimental
Control
CFA
Experimental
Control
BA
Experimental
Control
FR#
Experimental

2

r
0.824
0.898
0.383
0.656
0.238
0.463
0.659
0.846
0.765
0.963
0.798
0.912
0.818
0.904
0.878
0.947
0.636
0.681
0.617
0.666
0.732
0.815
0.940
0.960
-0.015
0.146

Linear
W

p

0.993

0.740

0.980

0.030

0.986

0.135

0.994

0.770

0.737

<0.0001

0.876

<0.0001

0.988

0.237

0.983

0.066

0.991

0.536

0.992

0.604

0.991

0.517

0.978

0.018

0.970

0.003
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2

r
0.821
0.899
0.374
0.652
0.228
0.460
0.659
0.880
0.764
0.962
0.797
0.912
0.815
0.907
0.876
0.950
0.644
0.676
0.616
0.661
0.739
0.820
0.948
0.980
-0.030
0.134

Quadratic
W

p

0.992

0.618

0.979

0.030

0.987

0.210

0.990

0.362

0.730

<0.0001

0.882

<0.0001

0.986

0.167

0.982

0.061

0.990

0.388

0.992

0.585

0.993

0.670

0.995

0.903

0.971

0.003

Table 3.6. The slope and its 95% confidence interval (CI) of the relationship between each untransformed morphological trait
and SL for males reared on a high protein, low carbohydrate control diet or a low protein, high carbohydrate experimental
diet. P-values represent differences in broad-sense allometric slopes between diets. For relationships with a significant
quadratic component, both the linear and quadratic portion of the slope are presented as well as p-values for each portion.

Trait
LDF
LFFR
108

LLFR
DFA
PDD
PAD
LG
DMB
DCP

Diet
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental

Slope
0.477
0.381
0.073
0.112
0.133
0.130
1.501
1.754
0.316
0.380
0.394
0.379
0.126
0.141
0.328
0.366
0.211
0.234

Linear
95% CI
0.430-0.525
0.309-0.453
0.031-0.114
0.072-0.151
0.085-0.181
0.086-0.173
1.207-1.796
1.346-2.163
0.295-0.338
0.342-0.417
0.342-0.446
0.321-0.438
0.107-0.145
0.096-0.186
0.301-0.355
0.331-0.400
0.201-0.222
0.212-0.256

p

Slope

Quadratic
95% CI

0.0022
0.0023
-0.0013
0.0087
0.1509
0.0324

0.0001-0.0043
-0.0027-0.0073
-0.0038-0.0011
0.0032-0.0142
0.1358-0.1659
-0.0194-0.0841

0.0046
0.0023

0.0019-0.0072
-0.0051-0.0098

0.854

0.0019
0.0016

0.0005-0.0032
-0.0029-0.0060

0.787

p

0.022
0.065
0.782
0.131

0.926
0.004
<0.0001

0.001
0.886
0.740
0.039
0.041

Table 3.6. Male broad-sense allometry, continued.

Trait
LCF
HCF
CFA
BA
FR#

Diet
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental

Slope
0.209
0.280
0.437
0.406
3.221
3.953
11.389
11.124
0.092
0.082

Linear
95% CI
0.179-0.240
0.230-0.330
0.383-0.490
0.312-0.501
2.594-3.849
3.304-4.602
10.815-11.963
10.214-12.033
0.040-0.143
-0.011-0.176

p

Slope

Quadratic
95% CI

0.1441
0.0288
0.2858
0.4041

0.1120-0.1762
-0.0536-0.1112
0.2565-0.3152
0.2887-0.5196

p

0.055
0.863
0.054
0.098
0.356

0.051
0.002
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Table 3.7. The slope and its 95% confidence interval (CI) of the relationship between each untransformed morphological trait
and SL for females reared on a high protein, low carbohydrate control diet or a low protein, high carbohydrate experimental
diet. P-values represent differences in broad-sense allometric slopes between diets. For relationships with a significant
quadratic component, both the linear and quadratic portion of the slope are presented as well as p-values for each portion.

Trait
LDF
LFFR
110

LLFR
DFA
PDD
PAD
DMB
DCP
LCF

Diet
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental

Slope
0.367
0.357
0.098
0.108
0.061
0.069
1.731
1.884
0.467
0.458
0.597
0.605
0.322
0.332
0.203
0.194
0.221
0.209

Linear
95% CI
0.326-0.408
0.329-0.385
0.068-0.128
0.090-0.126
0.033-0.089
0.049-0.088
1.431-2.031
1.698-2.071
0.404-0.529
0.437-0.478
0.520-0.674
0.557-0.653
0.285-0.359
0.307-0.357
0.184-0.221
0.183-0.204
0.180-0.261
0.176-0.242

p

Slope

Quadratic
95% CI

0.0007
0.0010

-0.0037-0.0052
-0.0014-0.0034

0.891

0.0046
0.0026

-0.0078-0.0170
-0.0033-0.0084

0.855

p

0.483
0.414
0.623
0.345
0.838
0.790
0.750
0.351
0.745

Table 3.7. Female broad-sense allometry, continued.

Trait
HCF
CFA
BA
FR#

Diet
Control
Experimental
Control
Experimental
Control
Experimental
Control
Experimental

Slope
0.392
0.331
4.368
3.904
14.969
15.079
0.004
0.068

Linear
95% CI
0.318-0.466
0.277-0.384
3.687-5.050
3.425-4.382
14.051-15.887
14.496-15.662
-0.050-0.058
0.027-0.108

p

Slope

Quadratic
95% CI

0.0896
0.0508
0.2488
0.3095
0.0001
0.0004

-0.0198-0.1989
-0.0077-0.1092
0.1017-0.3959
0.2383-0.3807
-0.0088-0.0086
-0.0045-0.0054

p

0.152
0.277
0.993
0.064

0.550
0.242
0.915
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Table 3.8. The mean, standard error (SE) and range of each untransformed
morphological trait for males reared on a high protein, low carbohydrate control diet or a
low protein, high carbohydrate experimental diet. P-values represent differences in
mean trait value at the average SL.

Trait
LDF
LFFR
LLFR
DFA
PDD
PAD
LG
DMB
DCP
LCF
HCF
CFA
BA
FR#

Diet
Mean
Control
8.750
Experimental 8.268
Control
2.362
Experimental 2.239
Control
1.790
Experimental 1.554
Control
20.282
Experimental 15.524
Control
11.337
Experimental 10.690
Control
12.662
Experimental 11.713
Control
4.792
Experimental 4.681
Control
8.508
Experimental 7.784
Control
4.841
Experimental 4.483
Control
5.683
Experimental 5.244
Control
8.271
Experimental 7.635
Control
46.699
Experimental 38.592
Control
157.988
Experimental 133.491
Control
11.393
Experimental 11.276

SE
0.343
0.183
0.095
0.068
0.103
0.087
2.900
0.902
0.219
0.158
0.325
0.169
0.098
0.086
0.244
0.152
0.145
0.097
0.162
0.132
0.324
0.211
3.978
1.791
10.977
5.230
0.147
0.141
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Range
5.594-21.228
5.778-11.509
1.256-5.736
0.958-4.318
0.626-4.932
0.539-4.714
7.975-173.264
3.410-43.448
9.221-20.125
8.511-16.814
10.403-26.508
9.208-17.302
3.397-7.702
3.516-6.532
6.368-18.683
5.341-12.906
3.683-10.837
2.927-7.934
4.166-11.155
3.389-9.191
3.583-22.111
4.209-12.275
15.482-245.113
16.393-90.400
96.799-673.490
66.419-351.664
9-15
8-14

p
0.133
0.343
0.214
0.072
0.309
0.166
0.224
0.069
0.767
0.732
0.893
0.651
0.284
0.928

Table 3.9. The mean, standard error (SE) and range of each untransformed
morphological trait for females reared on a high protein, low carbohydrate control diet or
a low protein, high carbohydrate experimental diet. P-values represent differences in
mean trait value at the average SL.

Trait
LDF
LFFR
LLFR
DFA
PDD
PAD
DMB
DCP
LCF
HCF
CFA
BA
FR#

Diet
Mean
Control
9.511
Experimental 9.503
Control
2.482
Experimental 2.457
Control
1.645
Experimental 1.547
Control
21.940
Experimental 22.684
Control
16.060
Experimental 15.694
Control
19.715
Experimental 19.909
Control
10.976
Experimental 11.012
Control
5.568
Experimental 5.569
Control
5.972
Experimental 5.953
Control
10.235
Experimental 10.165
Control
61.112
Experimental 60.365
Control
248.904
Experimental 254.380
Control
11.928
Experimental 11.816

SE
0.206
0.242
0.080
0.086
0.064
0.068
1.083
1.330
0.299
0.299
0.345
0.412
0.181
0.224
0.110
0.128
0.141
0.162
0.253
0.259
2.692
2.889
8.105
10.541
0.108
0.112
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Range
5.885-14.214
5.996-16.274
1.037-4.787
1.215-4.203
0.656-3.461
0.446-3.323
6.920-50.196
6.690-67.465
11.993-23.931
10.885-23.665
14.278-26.968
12.966-31.501
7.996-15.231
7.723-17.182
3.931-8.231
3.667-9.364
3.649-9.394
3.174-9.500
4.606-15.433
6.029-16.000
15.878-129.428
22.120-148.593
129.941-445.600
120.915-601.603
10-14
9-14

p
0.888
0.899
0.244
0.227
0.023
0.527
0.542
0.733
0.813
0.880
0.971
0.762
0.502

Control

Experimental

2.5
2.3

ln DCP (mm)

2.1
1.9
1.7
1.5
1.3
1.1
0.9
0.7
0.5
2.5

3

3.5

4

4.5

ln SL (mm)
Figure 3.2. The narrow-sense allometric relationship between ln transformed depth of
the caudal peduncle (DCP) and SL for males reared on the high protein, low
carbohydrate control diet or a low protein, high carbohydrate experimental diet.
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Figure 3.3. The narrow-sense allometric relationship between ln transformed fin ray
number (FR#) and SL for females reared on the high protein, low carbohydrate control
diet or a low protein, high carbohydrate experimental diet.
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Figure 3.4. The broad-sense allometric relationship between depth of the caudal
peduncle (DCP) and SL for males reared on the high protein, low carbohydrate control
diet or a low protein, high carbohydrate experimental diet.
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Figure 3.5. The broad-sense allometric relationship between pre-dorsal distance (PDD)
and SL for males reared on the high protein, low carbohydrate control diet or a low
protein, high carbohydrate experimental diet.
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Figure 3.6. The broad-sense allometric relationship between depth at mid-body (DMB)
and SL for males reared on the high protein, low carbohydrate control diet or a low
protein, high carbohydrate experimental diet.
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Figure 3.7. The broad-sense allometric relationship between length of the dorsal fin
(LDF) and SL for males reared on the high protein, low carbohydrate control diet or a low
protein, high carbohydrate experimental diet.
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Figure 3.8. The broad-sense allometric relationship between length of the last dorsal fin
ray (LLFR) and SL for males reared on the high protein, low carbohydrate control diet or
a low protein, high carbohydrate experimental diet.
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Figure 3.9. The broad-sense allometric relationship between body area (BA) and SL for
males reared on the high protein, low carbohydrate control diet or a low protein, high
carbohydrate experimental diet.
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Figure 3.10. The broad-sense allometric relationship between dorsal fin area (DFA) and
SL for males reared on the high protein, low carbohydrate control diet or a low protein,
high carbohydrate experimental diet.
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Discussion

Many of the narrow-sense allometric traits did not differ in their
relationship based on diet. However, offspring fed the experimental diet had a
significantly more positive slope for depth of the caudal peduncle (males) and fin
ray number (females). In males, the slope of the relationship between
untransformed depth of the caudal peduncle and SL was also increased in
experimental individuals, indicating a difference in broad-sense allometry
between traits. Conversely, females did not differ significantly in any broadsense allometric relationships, suggesting their shape was not changing in the
same way as males. Male offspring also differed in broad-sense allometric
relationships with SL between diets for several dorsal fin traits (DFA, LLFR,
LDF), but not in the same direction. Additionally, male body area showed
significant changes in its broad-sense allometry with SL; individuals reared on
the experimental diet exhibited an increased quadratic slope. The allometric
relationship between caudal fin area and SL showed marginally non-significant
differences between the two diets, while the gonopodium length-SL allometric
scaling was unaffected by dietary fluctuations.
In fish, depth of the caudal peduncle is considered a naturally selected
trait as deeper caudal peduncles increase thrust in escape performance (Webb
1994; Poléo et al. 1995; Langerhans & DeWitt 2004; Hankinson et al. 2006;
Langerhans & Makowicz 2009; Blob et al. 2010). For example, in another
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species of poeciliid fish, the western mosquitofish (Gambusia affinis), individuals
from populations with increased predation have deeper caudal peduncles and
faster burst speeds, suggesting better predator evasion (Langerhans et al. 2004).
In my breeding design, males reared on the low protein, high carbohydrate diet
had an increased allometric relationship between ln transformed depth of the
caudal peduncle and ln transformed SL indicating that when compared to controlfed offspring, the depth of the caudal peduncle was increased with standard
length faster in experimental individuals. This suggests that dietary environment
plays a role in the expression of this trait relative to a given body size, and
therefore, has the potential to cause differences in caudal peduncle depth in
populations with divergent food sources. Future work should examine if dietinduced changes in caudal peduncle-body size allometry impacts swimming
speed and performance to establish how diet may affect predator evasion.
Furthermore in males, depth of the caudal peduncle was the only trait to
demonstrate a significant difference due to diet for both narrow-sense and broadsense allometric relationships with body size. Both allometric relationships
showed the same dietary shifts with experimental-fed males having higher slopes
than control-fed individuals. Since this trait does seem to have plasticity in its
narrow-sense allometric scaling with SL, it is not evolutionarily constrained due to
its relationship with body size (Houle et al. 2011). Furthermore, the change in
broad-sense allometry indicates a change in the shape as well (Mosimann 1970;
Frankino et al. 2009). Other male traits differed in broad-sense, but not narrow-
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sense allometry (PDD, LDF, DMB, LLFR, DFA, BA), suggesting that these
relationships with SL may be evolutionary constrained in the narrow-sense, but
shape changes still occur (Mosimann 1970; Frankino et al. 2009; Houle et al.
2011).
As expected, the broad-sense allometric relationship with body size for
dorsal fin area showed large shifts due to diet in males. Male offspring reared on
the control diet had a greater quadratic slope than males reared on the
experimental diet. The linear slope for the broad-sense relationship between
length of the dorsal fin and SL was also increased in control-fed individuals, but
the length of the last dorsal fin ray-SL quadratic slope was significantly
decreased in control-fed offspring, suggesting that changes in the shape of the
dorsal fin in response to diet do not develop equally in all fin dimensions. This
suggests that while the overall dorsal fin area-SL relationship is increased in
males fed the control diet, not all length measurements that shape this trait are
changing in the same way. This is congruent with the results in Chapter 2, where
control-fed individuals increased in mass more quickly than their experimentalfed brothers, but did not differ in SL growth rate, suggesting that developmental
differences due to diet are not equivalent across all parts of the body. The
broad-sense allometric scaling of pre-dorsal distance with body size was also
decreased on the control diet most likely caused by the dorsal fin taking up a
larger portion of the dorsal body length. Previous studies have demonstrated a
role of diet in shifting the allometric relationship between sexually selected traits
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(e.g., ornaments) and body size, with higher quality diets resulting in steeper
slopes (Emlen 1994; 1997; Moczek 1998; Moczek & Emlen 1999; Emlen et al.
2006; Emlen et al. 2012). This is exactly what I found for dorsal fin area and
length (but not height) of the dorsal fin. It is hypothesized that the insulin/IGF
signaling pathway is responsible for these dietary changes in allometry for male
ornaments (Emlen et al. 2012). Since diet changed the allometry of the
relationship between dorsal fin area and SL, this pathway may also be mediating
size-related differences in ornament size in mollies. Future studies could
examine this question by knocking out IGF-I receptors during development of the
dorsal fin. If IGF-I is found to be responsible for these differences in the
relationship between ornament and body size, it would suggest that this
mechanism for the evolution of honest signals is highly conserved in animals
(Emlen et al. 2012).
As predicted, the relationship between gonopodium length and body size
was negatively allometric and did not change in response to different diets.
Thus, gonopodium size is likely insulin/IGF insensitive, as reported for genitalia in
other species (Shingleton et al. 2005; Emlen et al. 2006, 2012; Tang et al. 2011).
Furthermore, larger males had relatively larger dorsal fins and shorter gonopodia,
suggesting a possible trade-off between ornaments and genitalia (Ptacek &
Travis 1998). Thus, my thesis work supports a growing body of literature on
tissue specific insulin/IGF sensitivity differences leading to variation in phenotypic
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plasticity among traits (Shingleton et al. 2005, 2007, 2008, 2009; Emlen et al.
2006, 2012; Tang et al. 2011).
Since caudal fin area and body area are under both natural and sexual
selection (Endler 1995; MacLaren et al. 2004; MacLaren 2006), it was
hypothesized that their response to diet differences would be intermediate
between the highly sensitive ornament and the insensitive genitalia, similar to
wings in insects (Shingleton et al. 2005; Emlen et al. 2006, 2012). Response to
diet in caudal fin area was intermediate, with p-values for untransformed trait
slope differences being marginally non-significant (linear=0.054;
quadratic=0.051), and in the predicted direction for the quadratic slope (but not
the linear, similar to the DFA results), with males fed the control diet having
higher slope values. This indicated that caudal fin area may be sensitive to
changes in diet, but a greater dietary difference may be needed to shift its
allometric relationship with SL. Conversely, body area did not fully support my
hypothesis. Control-fed individuals had increased, but not significantly different,
slopes with SL for the linear portion, but significantly decreased slopes for the
quadratic portion. However, this relationship was weaker than the positive
allometry for dorsal fin area, suggesting that the changes in body due to diet
were not as large as predicted by the insulin/IGF sensitivity hypothesis.
Additionally, depth at mid-body, which makes up a portion of body area, had a
significantly decreased slope with SL in males fed the control diet.
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The divergent changes in the three area measurements (BA, CFA, DFA)
that make up lateral projection area of male mollies suggests that these may be
controlled by different physiological and developmental mechanisms. Dorsal fin
and caudal fin area quadratic slopes with SL were both higher in control-fed
individuals (although this was only a trend for CFA), indicating that these traits
are both responding in a similar direction to changes in diet. Conversely, body
area’s quadratic slope with SL was significantly greater in experimental-fed
males, suggesting that this differs in direction of response. These divergent
responses may allow males that are consuming a low quality diet to compensate
for their decreased fin size allometry by increasing their body size, thus
potentially not decreasing their overall lateral projection area. Indeed, when the
sum of body, caudal fin and dorsal area was analyzed in a similar fashion to the
traits individually, this lateral projection area relationship with body size did not
differ (linear p=0.144; quadratic p=0.710) between males from the two diet
groups. Since female mollies strongly prefer males with larger lateral projection
areas, regardless of the size of the components (Marler & Ryan 1997; Ptacek &
Travis 1997; Gabor 1999; Gabor & Page 2003; MacLaren et al. 2004; MacLaren
2006), the ability to achieve a larger overall area in different manners in response
to varying diets is likely be under intense sexual selection.
In my study, only four males matured at lengths greater than 35 mm.
Since these individuals seemed to be driving many of the significant differences
between traits, I reanalyzed the data without these four individuals. This
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exclusion influenced the results in several ways. First, for narrow-sense
allometry, the relationship between depth of the caudal peduncle and SL was
unchanged (p=0.036). In addition, the slope for ln transformed length of the first
dorsal fin ray (p=0.039) as well as for ln transformed depth at mid-body (p=0.033)
with for ln transformed SL were significantly different. In both cases,
experimental-reared males had increased slopes. Second, for broad-sense
allometry, the fits between traits and SL differed such that caudal fin area and
body area were now linear, while length of the dorsal fin, pre-dorsal distance,
length of the gonopodium, depth of the caudal peduncle and length of the caudal
fin were quadratic. Finally, for broad-sense allometry there were no significant
differences in slopes between diets except for pre-anal distance where
individuals who consumed the control diet had increased slopes (p=0.037).
Therefore, although my thesis research yielded interesting results, they were
driven by the few larger individuals that matured. To confirm my findings, more
intermediate and large offspring should be reared and measured for their
morphological traits.
When compared to males, few female trait-SL allometries changed due to
dietary shifts. This suggests that females may be less plastic in their
morphology. However, allometric responses could also be influenced by
increased variability in female traits including SL (e.g., Trexler et al. 1990).
Therefore, diet would have to shift a regression line a great deal for there to be
significance. It is interesting that fin ray number showed an increased allometric
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relationship with length in female offspring fed the experimental diet. This trait is
usually attributed to species differences in dorsal fin length (Ptacek 2002;
Hankison et al. 2006). Additionally, control-fed females had increased pre-dorsal
distance which could be related to streamlining for increased swimming
performance to evade predators (Langerhans & DeWitt 2004). Future research
should examine how this trait in females is related to swimming performance and
if populations with increased food quality also have increased predation
suggesting that diet is a predictor of predation level.
My breeding design revealed the potential for diet to dramatically shift
male morphological trait allometries with SL, especially for larger individuals. It
also suggested that narrow-sense allometry for many traits were evolutionarily
constrained, which may limit the degree to which populations can diverge in male
morphology. Males and females differed greatly in their fluctuations in trait
allometry due to diet, indicating a possibility for different underlying mechanisms
between the sexes that should be examined in the future. Overall, the
predictions of the insulin/IGF sensitive hypothesis were upheld, at least with
respect to shape differences in males, with the dorsal fin ornament being highly
sensitive to changes in diet and gonopodium length being insensitive. This result
suggests that the insulin/IGF pathway is highly conserved in animals and may
contribute to the evolution of exaggerated male ornaments as honest signals of
male quality in a variety of animal taxa (Emlen et al. 2012). However, more work
in mollies is needed to provide a definitive link between IGF, diet and
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morphological differences. Furthermore, since larger individuals were driving
slope differences, and my breeding design produced so few male offspring
maturing in size over 35 mm SL, future work is needed where many more largermaturing males are reared on both diets to confirm the findings of my study.
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CHAPTER FOUR

GENETIC AND ENVIRONMENTAL DETERMINANTS IN THE EVOLUTION OF
ALTERNATIVE MATING STRAGIES OF THE SAILFIN MOLLY, POECILIA
LATIPINNA

Introduction

Across animal taxa, intrasexual variation in morphology and reproductive
behaviors has resulted in the evolution of alternative mating strategies (Gross
1996; Shuster & Wade 2003; Oliveira et al. 2008; Shuster 2010; Neff & Svensson
2013). These polymorphic mating behaviors generally occur in males and often
take two forms: one phenotype of males that are territorial or employ courtship
behaviors and a second phenotype that use a satellite or sneaking strategy to
obtain matings. Younger or smaller males commonly adopt the satellite/sneaking
strategy, while older or larger individuals employ the territorial/courting tactic
(Dominey 1984; Waltz & Wolf 1984). In some species, there is an additional
phenotype where males that are intermediate adopt both strategies depending
on certain environmental factors (e.g., social situation; Travis & Woodward
1989). Morphology is also linked to the expression of alternative strategy, with
those individuals of a certain plumage, coloration, ornament size or weapon size
displaying the territorial/courting strategy and those with reduced values of these
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traits (e.g., duller coloration or smaller ornament size) expressing the
satellite/sneaking strategy (Shuster & Wade 2003; Oliveira et al. 2008; Shuster
2010). Differences in alternative mating phenotype have been shown to be a
result of genetic polymorphisms in some species (reviewed in Dominey 1984;
Gross 1996; Shuster & Wade 2003; Oliveira et al. 2008; Shuster 2010; Neff &
Svensson 2013). However, environment is also extremely important in the
expression of alternative mating tactics, even in species where mating strategy
has a strong genetic basis (Dominey 1984; Radwan 1995; Oliveira et al. 2008;
Neff & Svensson 2013). Therefore, understanding the role of genes, the
environment and genetic by environment (GxE) interactions is crucial to
identifying how these behaviors arose and are maintained.
One important environmental influence is diet. Nutritional environment
during development has far reaching effects on an organism (Robertson 1960;
Boag 1987). Individuals reared on high quality diets often have increased growth
rates and/or size at maturity coupled with higher quality ornaments or weapons
(Hill & Mongomerie 1994; Emlen 1997; Moczek 1998; Cotton et al. 2004; Naguib
& Nemitz 2007). Thus, dietary environment has the potential to affect traits
important in the expression of alternative mating strategies. Furthermore, in
several species, diet itself has been directly implicated in the expression of
alternative mating strategies (dung beetles: Emlen 1994, 1997; acarid mites:
Radwan 1995; guppies: Kolluru & Grether 2005; Kolluru et al. 2007, 2009;
Mobarak 2010). In systems where genetic polymorphisms are related to the
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alternative mating phenotypes, different genotypes (G) may have variation in
their response to dietary (E) fluctuations (e.g. Radwan 1995). Such a GxE
interaction often influences the expression of alternative mating behaviors and is
important to identifying how intra- and inter-population differences in mating
behaviors are maintained (Greenfield & Rodriguez 2004; Mackay & Anholt 2007).
Furthermore, differences in the way in which GxE interactions influence mating
signal expression between populations may lead to reproductive isolation and
ultimately speciation. Therefore, understanding the degree to which GxE
interactions influence mating strategy expression can explain how mating signals
have evolved.
Sailfin mollies (Poecilia latipinna) are an ideal system for examining the
relative contribution of genes, the environment and gene by environment
interaction on the expression of alternative mating systems. These fish, like all
poeciliids, have internal fertilization (Farr et al. 1986); during maturation a male’s
anal fin fuses into the intromittent organ called the gonopodium (Cummings
1943; Constantz 1989). In this species, male body size varies both within and
between populations, is fixed at maturity (males show negligible increases in size
after sexual maturation; Chapter 1: Figure 1.3) and is linked to alternative mating
strategies (Snelson 1985; Farr et al. 1986; Ptacek & Travis 1996). Large males
employ courtship display behavior where they raise their enlarged dorsal fin and
fan out their caudal fin while in close proximity to a female (Farr et al. 1986).
Since females prefer males with larger lateral projection areas (sum of body,
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dorsal fin and caudal fin area; Marler & Ryan 1997; Ptacek & Travis 1997; Gabor
1999; Gabor & Page 2003; MacLaren et al. 2004; MacLaren 2006), courtship
displays entice the female to remain still for copulation, potentially increasing the
efficiency of sperm transfer (Farr 1989). Smaller individuals are less preferred by
females and resort to a sneaking strategy termed gonopodial thrusts where they
force inseminations by thrusting the gonopodium into the female’s gonopore
without her cooperation (Farr 1989).
The mating strategy of both large (courter) and small (sneaker) males has
been shown to be relatively fixed regardless of social environment, whereas
intermediate-sized males alter their rates of courtship displays and gonopodial
thrusts depending on social situation (Travis & Woodward 1989). In isolation,
intermediate-sized males display a mixture of sneaking and courting behaviors
intermediate to the amounts employed by small and large males, respectively.
However, when placed with other males (two large, two small or one of each
size), intermediate-sized individuals decreased their display rates and increased
the rate of the small-male-typical thrusting. Intermediate males also showed
more variation in alternative mating strategy than individuals in the small or large
size classes, suggesting that ontogenetic environment may have an increased
effect on the mating behavior adopted by these intermediate-sized individuals.
Body size in male P. latipinna is hypothesized to be nearly 100% Y-linked
(Travis 1994a, b) in a similar manner to that described in swordtails (genus
Xiphophorus; Kallman & Borkoski 1978; Kallman 1989; Zimmerer & Kallman
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1989; Lampert et al. 2010). Swordtails show similar size-related expression of
alternative mating strategies to other poeciliids including sailfin mollies (Ryan &
Causey 1989; Rosenthal & García de León 2006; Rios-Cardenas & Morris 2011).
Three alleles (functional A, nonfunctional B1 and B2) at the melanocortin 4
receptor gene (mc4r) have been implicated in the expression of male body size
in swordtail species (Lampert et al. 2010). Increased copy number of the nonfunctional B alleles is positively correlated with male body size at maturity in X.
nigrensis and X. multilineatus, suggesting that increased numbers of B alleles
delay maturity, allowing a longer period for body length increases before the
cessation of growth at maturity. Since male body size is a strong predictor of
alternative mating strategy, it is likely differences in allelic composition are also
strongly linked to expression of courting versus sneaking mating behaviors. Male
P. latipinna have also been shown to possess A and B2 alleles with sequences
nearly identical to those in swordtails, as well as B1 alleles with the same
amplicon length, suggesting that mc4r genotype may play an important role in
the regulation of size and alternative mating strategy in sailfin mollies as well
(Ptacek et al., in prep.).
My thesis work aims to determine the effects of genes, the environment
and GxE interaction on the expression of alternative mating strategies. The
genetic architecture of alternative mating strategy for P. latipinna has been
characterized by interspecific crosses between P. latipinna and a shortfin molly
species, P. mexicana, is hypothesized to be Y-linked (Ptacek 2002). However,
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little is known about the genetic contributions to male mating phenotype from
intraspecific crosses of P. latipinna with sires of distinct size phenotypes.
Furthermore, although previous research has demonstrated that diet is important
in the expression of behavioral strategy in other species of poeciliids (Kolluru &
Grether 2005; Kolluru et al. 2007, 2009; Mobarak 2010; Devigili et al. 2013), this
question has not been examined in sailfin mollies. Additionally, protein and
carbohydrate levels in diet have been shown to alter male growth rates and size
at maturity in poeciliids including one study on mollies (swordtails: Kruger et al.
2001; James & Sampath 2004; Ling et al. 2006; guppies: Dahlgren 1980;
Reznick 1982, 1983, 1990; Reznick & Bryga 1987; Hughes et al. 2005; mollies:
Tekelioglu et al. 2005), but its role in modulating alternative mating strategy is
unclear.
I used a maternal half-sibling breeding design with sires of three size
classes (small, intermediate and large) to produce offspring that were reared on
either a high protein, low carbohydrate control diet or a low protein, high
carbohydrate experimental diet. This experimental design allowed me to test the
effects of paternal genotype (sire size class approximates mc4r genotype), diet
and the genotype by diet interactions on the expression of mating behaviors used
in alternative mating strategies (thrusting versus courting) in mollies. I predicted
a strong effect of sire size class on the rates of courtship displays and gonopodial
thrusts, indicating a possibly strong influence of mc4r on mating strategy
expression. I expected individuals from large sires to show higher courtship
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display rates and lower gonopodial thrust rates, while offspring from small sires
would show higher gonopodial thrust rates and lower courtship display rates
regardless of the size of the offspring. Influences of diet environment would
predict that males reared on the lower quality diet (low protein, high
carbohydrate) would have less energy during growth, and thus, would show
decreased amounts of courtship displays because this behavior is energetically
expensive to perform (Kolluru & Grether 2005; Kolluru et al. 2009; Mobarak
2010; Devigili et al. 2013). Furthermore, since intermediate-sized males have
been shown to be more variable and flexible in their strategy (Travis &
Woodward 1989), I predicted that offspring from intermediate sires would show
more effects of diet on courting and thrusting rates thus promoting a GxE
interaction. Finally, I expected that regardless of sire size class and diet type,
offspring length would be strongly, positively correlated with courtship display
rate and negatively related to thrust rate, as demonstrated by previous studies
(Farr et al. 1986; Ptacek & Travis 1996; Seda et al. 2012).

Methods

Offspring from a maternal half-sibling breeding design were used to
determine the effects of genes, dietary environment and interactions between the
two (Falconer & McKay 1996; see Chapter 1 for a detailed description). Briefly,
lab-reared males fed the control diet during ontogeny were divided into three size
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classes and each mated to two virgin females. Small sires were less than 30
mm, intermediate sires ranged from 38 to 45 mm and large sires were more than
48 mm in standard length (SL—measured from the tip of the snout to the end of
the caudal peduncle; Ptacek & Travis 1996; Seda et al. 2012). Offspring
resulting from these crosses were reared singly, in individual 18.9 L aquarium
and were placed into two diet treatments at parturition; twelve offspring received
a high protein, low carbohydrate control diet (38% protein, 57% carbohydrates,
5% lipid) during ontogeny and the remaining twelve received a low protein, high
carbohydrate experimental diet (19% protein, 76% carbohydrate, 5% lipid) during
ontogeny (Angels Plus, Olean, New York, U.S.A.). Offspring were fed twice daily
with amounts increasing monthly with age until they reached sexually maturity.
Individuals were determined to be mature males when the anal fin fully fused into
the gonopodium (Chapter 2: Figure 2.1; Cummings 1943; Constantz 1989).
At maturity, one mature female was added to each male offspring’s tank
so that the male could cement his mating strategy (Rodd & Sokolowski 1995).
After at least three weeks of association time with the female, a male’s mating
behavior was scored. To determine mating strategy, a male was tested with a
single receptive female in a direct contact trial. Females are receptive to mating
for 24-48 hours post-parturition or maturity and during this time, males increase
their behavior rates in response to interactions with receptive females (Sumner et
al. 1994). Thus, I used only receptive females as objects to control for this
increase in male mating behaviors and to ensure that males expressed all

145

behaviors in their mating repertoire. Object females were isolated and checked
daily for babies (indicating post-parturition receptivity) or were used in mating
trials soon after sexual maturity (virgins). Since the availability of receptive
females was a limiting factor, each receptive female was used in two trials with
two different males. Ten trials used females that were post-parturition receptive
and 73 trials scored male behavior with newly matured, virgin females. Female
status (post-parturition receptive versus newly matured virgin) had no effect on
the number of courtship displays (F(1,81)=0.437; p=0.510) or gonopodial thrusts
(F(1,81)=0.086; p=0.770) performed by test males, once other female traits
(length, time since beginning of the receptivity period and order) were controlled
for.
To maximize the behavioral rates of the males, their female companion
was removed one day prior to testing (Ptacek & Travis 1996; Seda et al. 2012).
Male SL was measured at the time of the mating trial. Mating behavior was
scored in an 18.9 L aquarium that was covered on three sides with black paper.
The viewing side was covered with a one-way film (SOPUS Products Inc.;
Moorpark, CA, USA) to prevent observer effects. Following protocols from
previous mating behavior assays (Seda et al. 2012), the test male was placed
into the test tank and allowed 10 minutes to acclimate alone. After the first 10
minute period, the receptive female was added and allowed to acclimate with the
male for an additional 10 minutes. I then recorded the number of gonopodial
thrusts and courtship displays during a 10 minute observation period using a Dell

146

Latitude laptop computer and The Observer event recording software (version 5;
Noldus Information Technology; Leesburg, VA, USA). Males that failed to
perform more than 5 total behaviors or display for a duration of more than 500
total seconds were retested with another receptive female at least 48 hours after
the original test. There were no differences between test type (original versus
retest) in the number of displays (F(1,81)=0.111; p=0.740) or thrusts
(F(1,81)=1.622; p=0.207) among males.

Statistical Analyses

All statistical analyses were performed using JMP Pro version 10 software
(Cary, North Carolina). A square root transformation was applied to the number
of thrusts and displays observed in the 10 minute trial for all analyses. To
determine the effects of genes (sire size class), the environment (diet) and gene
by environment interaction, a REML model was used with SL as a covariate.
Previous studies have demonstrated that SL is related to both rates of
gonopodial thrusts and courtship displays in P. latipinna males (Farr et al. 1986;
Ptacek & Travis 1996; Seda et al. 2012). To control for female differences, the
residuals of a model testing the effects of female SL, days since parturition or
maturity (to control for receptivity differences) and whether the male saw the
female first or second (order) on square root transformed counts of gonopodial
thrusts and courtship displays were used as the Y-variable in the model.
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Previous studies have indicated that these factors play a role in the number of
male mating behaviors performed by individual males (Sumner et al. 1994;
Ptacek & Travis 1997; Seda et al. 2012). To control for family effects (each siredam cross was considered a family), family within sire size class and family
within sire size class by diet were considered random factors in the model.
Significant effects in the model were further examined using a Student’s t-test to
determine the direction of the significance.

Results

A total of 14 families produced 83 sons that I tested for their mating
behavioral repertoire (Table 4.1). This included 27 sons from small sires, 24
sons from intermediate sires and 32 sons from large sires.
Table 4.2 presents the untransformed average, standard error and range
of the number of gonopodial thrusts and courtship displays. There was no effect
of sire size class (genotype), diet, standard length or any interactions on the
number of thrusts (Table 4.3). Sire size class (genotype), standard length and
the sire size class by standard length interaction significantly affected the number
of courtship displays (Table 4.3; Figures 4.1-4.2). Overall and within sire size
classes, there was a positive relationship between the number of courtship
displays and standard length (Table 4.3; Figure 4.2). Sons from intermediate-
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sized fathers produced significantly more courtship displays than individuals from
fathers in the large size class, but were not different from sons with small fathers,
who in turn, were not differentiated from large sired offspring (Table 4.3; Figure
4.1). Additionally, standard length had a stronger effect on the display rate of
sons from intermediate crosses (steeper slope of positive allometry with standard
length) than on sons from either the small or large size classes (Table 4.3; Figure
4.2).
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Table 4.1. Total number of sires and families for each size class as well as the number
of male offspring tested for mating behavioral repertoire from each size class and diet.

Sire Size
Class

Sires

Small
(<30 mm)

3

Intermediate
(38-45 mm)

2

Large
(>48 mm)

3

Families

Diet

Male
Offspring

Control

16

Experimental

11

Control

9

Experimental

15

Control

19

Experimental

13

5

4

5
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Table 4.2. Mean, standard error (SE) and range for untransformed number of gonopodial thrusts and courtship displays
recorded in a 10 minute observation for male offspring from small, intermediate and large sires reared on the high protein, low
carbohydrate control diet or low protein, high carbohydrate experimental diet.

Displays

Thrusts
Sire Size
Class
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Diet

Mean

SE

Range

Mean

SE

Range

Control

4.750

3.998

0-64

12.75

2.087

2-29

Experimental

10.182

10.182

0-112

11.364

1.302

4-18

Control

2.889

1.925

0-17

16.778

3.677

3-38

Experimental

8.600

7.262

0-110

17.800

5.406

0-76

Control

0.579

0.257

0-3

13.211

1.801

1-27

Experimental

0.692

0.328

0-4

12.692

2.107

4-27

Small
(<30 mm)

Intermediate
(38-45 mm)

Large
(>48 mm)

Table 4.3. Results of REML analysis testing the effects of genes (sire size class),
environment (diet) and gene by environment interaction with SL as a covariate on male
gonopodial thrusts and courtship displays.

Trait

Source

d.f.

F

p

Thrusts

Sire Size

2, 71

0.053

0.948

Diet

1, 71

0.024

0.878

Sire Size x Diet

2, 71

0.093

0.911

SL

1, 71

0.057

0.812

Sire Size x SL

2, 71

0.015

0.985

Diet x SL

1, 71

0.999

0.321

Sire Size x Diet x SL

2, 71

0.650

0.525

Sire Size

2, 71

3.195

0.047

Diet

1, 71

0.144

0.705

Sire Size x Diet

2, 71

0.087

0.917

SL

1, 71

11.674

0.001

Sire Size x SL

2, 71

10.845

<0.0001

Diet x SL

1, 71

0.552

0.460

Sire Size x Diet x SL

2, 71

2.550

0.085

Displays
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SQRT Displays (per 10 minutes)

Control

Experimental

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
Small

Intermediate

Large

Sire Size Class

Figure 4.1. Average square root transformed number of displays per 10 minute
observation for male offspring of small, intermediate and large sires reared on the
control or experimental diet.
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SQR Displays (per 10 minutes)

Small

Intermediate

Large

10
9
8
7
6
5
4
3
2
1
0
15

25

35

45

55

65

SL (mm)

Figure 4.2. The relationship between square root transformed number of displays per 10
minute observation and standard length for male offspring of small, intermediate and
large sires. Since diet had no significant effect on displays, control and experimental fed
male offspring were combined.
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Discussion

Overall, the number of gonopodial thrusts was not influenced by the
genetic or environmental variations tested in my breeding design. The thrust rate
was also unaffected by individual differences in body length. Conversely,
courtship display rate was impacted by genotype and standard length, but not
dietary environment. Individuals from intermediate-sized sires performed
significantly more displays than individuals produced from large fathers.
Additionally, courtship display rate increased with increasing SL although the
slope of this relationship varied between male offspring sired by different size
classes of males. This resulted in an interaction between genotype and standard
length in the expression of courtship displays. The slope of the relationship
between displays and SL for sons from intermediate fathers was significantly
higher than other size classes, suggesting a genotype by SL interaction influence
on the expression of courtship display behavior.
The finding that gonopodial thrusts were not impacted by genetic factors
was not surprising given previous interspecific hybrid studies with crosses of
sailfin and shortfin mollies (Parzefall 1989; Ptacek 2002; Loveless et al. 2009).
In all three studies, there was no effect of sire genotype on the rates of thrusting
behaviors, suggesting little Y-linkage. In a hybrid study that examined the
behavior of F1 offspring from P. latipinnia and the shortfin species P. mexicana,
body size—not paternal or maternal genotype—was the only significant predictor
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of thrust number (Ptacek 2002). Other studies have also indicated a negative
relationship between body size and thrusting rate in P. latipinna (Farr et al. 1986;
Seda et al. 2012). However, additional work has found no such correlations with
body size in the expression of thrusting behavior (Ptacek & Travis 1996). This
discrepancy in the relationship between thrusting rate and SL occurred between
two of the experiments for my study population, Steve’s Ditch (Ptacek & Travis
1996; Seda et al. 2012). My thesis results support the findings of Ptacek &
Travis (1996) in that there were no significant effects of body size on thrusting
rate. In the current study, these results may be due to the lack of males maturing
at sizes greater than 35 mm. I was only able to rear four individuals with SL
greater than 35 mm and therefore all of the offspring were small males.
However, excluding these larger individuals from analyses did not change the
lack of relationship between thrusts and SL. The inconsistency between studies
suggests that the environment may play a role in the expression of gonopodial
thrusting. However, I found no evidence of any dietary effects or interactions.
This finding is supported by previous work on guppies where food amount was
unrelated to thrusting (Kolluru & Grether 2005; Devigili et al. 2013). Therefore,
although thrusting behavior is an important component in male mating behavior,
the current study did not elucidate the mechanism behind its expression. Future
work should further examine this question in large and intermediate-sized
offspring reared on low protein versus high protein diets to confirm the findings
presented here.

156

Diet also had no effect on the expression of courtship display behaviors.
Previous work in the guppy (P. reticulata) has indicated an effect of food amount
on courtship behavior, with individuals fed more performing more courtship
displays than males whose food intake was restricted (Kolluru & Grether 2005;
Kolluru et al. 2009; Mobarak 2010; Devigili et al. 2013). Courtship is
hypothesized to be energetically expensive, thus individuals with less food intake
(e.g., Kolluru & Grether 2005; Kolluru et al. 2009; Mobarak 2010; Devigili et al.
2013) or those reared on a less nutritious diet (my study) are expected to
decrease courtship display rate. The lack of dietary effects in this experiment
may be due to the diets not being different enough in protein levels to cause
changes in behavior. However, these protein levels differences are consistent
with or larger than other poeciliid studies that found differences in body size and
mass (Kruger et al. 2001; James & Sampath 2004; Tekelioglu et al. 2005).
Therefore, although protein differences in diet may play a role in the expression
of size characteristics (Kruger et al. 2001; James & Sampath 2004; Tekelioglu et
al. 2005; Chapter 2), they may not relate to changes in behavior. Future work
should examine if individuals reared on the low protein, high carbohydrate diet
have lower swimming performance than offspring on the control diet suggesting
an effect of these diets on overall energy levels. Furthermore, testing additional
protein levels on behavior performance may also provide interesting results.
Courtship display rates were influenced by the size of the offspring
regardless of paternal genotype. Numerous, previous studies in sailfin mollies
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have pointed to a positive correlation between body size and rates of courtship
display behaviors (Farr et al. 1986; Travis 1994a, b; Ptacek & Travis 1996; Seda
et al. 2012). The offspring in this study also showed a positive relationship
between courtship display rate and SL. This significant relationship did not
change when the four intermediate and large sized offspring (SL: 39, 40, 41, 56
mm) were excluded from the analysis, suggesting that this relationship is robust
to even small ranges of male sizes (21–33 mm).
There were also significant genetic effects and a genotype by body size
interaction in courtship display rates. Offspring with intermediate-sized fathers
performed more courtship displays than individuals from large fathers and had a
stronger positive relationship between courtship display rate and SL than
offspring from sires of either small or large sizes. This was surprising because
Travis (1994a) reported that offspring body size phenotype was a larger driver of
mating behavior than paternal genotype. Thus, individuals that were in the
smaller range of male sizes (i.e., less than 35 mm) were expected to show
decreased courtship displays, but did not in my experiment. In fact, the average
courtship displays for individuals less than 35 mm was 14.96, very close to wildcaught individuals of the same population tested with receptive females (15.62;
Seda et al. 2012) suggesting that the small size of all individuals did not
decrease overall courtship. This supports previous findings where hybrids from
shortfin-sailfin crosses that matured precociously at smaller sizes displayed at
similar rates as their larger full-sib brothers (Ptacek 2002; Loveless et al. 2009).
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In Xiphophorus, copy number variation in nonfunctional mc4r B alleles is
hypothesized to underlie differences in time to maturity and size at maturity in
males, with individuals possessing more B alleles taking longer to mature and
reaching a larger size at maturity (Lampert et al. 2010). Therefore, mc4r B allele
copy number may be linked to alternative mating strategy, with larger males that
have more B alleles exhibiting increased rates of courtship and small males with
few to no B alleles expressing increased rates of thrusting. Since this gene is Ylinked, it was expected that sires would pass their mc4r genotype to their sons
resulting in large, displaying offspring from large sires and small, thrusting
offspring from small fathers. However, in my study size at maturity was not
influenced by father size class (Chapter 2) and all but four offspring matured at
the small size class (<35 mm). Therefore, my breeding design results presented
an interesting opportunity to discover if paternal genotype effected courtship
rates regardless of offspring size class.
Previous studies have found a significant Y-linked component to the
expression of courtship displays in hybrids of sailfin-shortfin interspecific crosses
(Parzefall 1989; Ptacek 2002; Loveless et al. 2009). Offspring of crosses with
shortfin Y-chromosomes had much lower display rates, more like their nondisplaying shortfin fathers, than those with sailfin molly sires, suggesting a strong
Y-linked genetic component. However, the results from my breeding design are
not as clear. It was expected that large sires would produce offspring with the
highest display rates because of the reported Y-linkage in other studies (Parzefall

159

1989; Ptacek 2002; Loveless et al. 2009), but in my experiment, large-sized
offspring had the lowest display rates and the weakest relationship between
courtship displays and SL. This indicates that mc4r genotype may not be solely
driving alternative mating strategy independently of male size. Future work
should confirm this by genotyping male offspring and determining the relationship
between mc4r allelic copy number and courtship display rates in these
individuals. It is important to note that the significant relationship between
courtship display rate and male SL held even with the exclusion of offspring
greater than 35 mm suggesting large sized offspring were not the drivers of these
findings.
The results of my study indicate that individuals with intermediate
genotypes may be regulating display behavior differently than small or large
individuals. Travis & Woodward (1989) found that intermediate males showed
more variation in mating behavior and were more sensitive to social environment
than individuals of large or small size classes. The increased variation in this
size class suggests that behavioral expression may be modified by
environmental rearing conditions. I did not find any evidence of diet affecting
mating behavior of individuals reared from any size class of father, demonstrating
that protein to carbohydrate ratios in diet is not the driver of intermediate-sized
male variation. However, intermediate males may be more genetically variable
with more autosomal modifiers to Y-linked genes underlying their behavior
(Travis & Woodward 1989; Ptacek 2002). Therefore, my rearing of all offspring

160

in total isolation from other fish combined with the fact that each individual never
had competition with other males when mating seems to have influenced the
courtship display rate and courtship by SL relationship differently in intermediate
males. Wild-caught individuals of small and large size have been shown to be
less flexible in their display behavior, while intermediate males act “smaller” and
reduce their display behavior in the presence of other males regardless of the
size of social competitors (Travis & Woodward 1989). Since my offspring never
had experience with social competitors, it could then follow that individuals with
intermediate genotypes were more affected than large or small individuals.
Therefore, although dietary environment did not have an effect on courtship
displays, social environment during rearing may be an important modulator of
these behaviors especially in individuals with intermediate genotypes. Farr &
Travis (1989) found no differences in courtship behavior between individuals
reared with versus without, a social companion, however, all individuals had
visual stimuli with other fish (unlike my study). Studies of other poeciliid fishes
have demonstrated that social rearing environment has the potential to change
male size at maturity, but changes in mating behavior were not examined
(Borowsky 1973, 1978, 1987; Sohn 1977; Campton & Gall 1988). Future work
should examine how rearing in social isolation versus social contact impacts
alternative mating strategy in these fish.
One caveat to the findings presented on courtship display behavior is that
there were three outliers which were all in the intermediate size class. Two
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individuals showed increased courtship display rates while one individual did not
perform any displays. When these individuals were removed from the analysis,
all significant effects were eliminated (Table 4.4). Therefore, although males with
intermediate fathers may differ in their courtship display as represented by the
inclusion of the entire dataset, in this study, these outliers—particularly the superdisplayers—were clearly driving these relationships. However, it is not clear
whether they were truly outliers or just representing the increased variation
present in intermediate individuals (Travis & Woodward 1989). More individuals
from intermediate fathers should be tested for mating behavioral strategy to
better discern if these individuals are truly outliers.
Overall, my breeding design study has shown that the factors underlying
the expression of alternative mating strategy in mollies are more complex than
previously thought (Travis 1994b; Ptacek 2002). Although my study provided
some support for the role of Y-chromosome type in the expression of courtship
display rate (as discussed in Parzefall 1989; Ptacek 2002; Loveless et al. 2009),
it was not always in the predicted direction and did not hold when outliers were
removed. My results also supported a well-described trend of increasing display
rates with increasing male size (Farr et al. 1986; Travis 1994a, b; Ptacek &
Travis 1996; Seda et al. 2012). This relationship did not hold with the removal of
the intermediate-sired outliers in the model, but when a simple regression is run
on all offspring combined except the outliers, this relationship is significant
(F(1,78)=4.441, p=0.038). Therefore, as previously described, SL is a strong
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predictor of courtship displays regardless of the range of male sizes or the sizes
of their sires. Future work should test more male offspring for mating behavior
rates, especially focusing on offspring from intermediate fathers to confirm the
findings of my experiment and individuals greater than 35 mm in SL to confirm
that these results hold across a large range of sizes. Additionally, differences in
mc4r expression—hypothesized to control male size at maturity—between
offspring should be characterized to understand how mc4r plays a role in the
expression of alternative mating strategies.
Although diet did not have effects on alternative mating behaviors in my
breeding design, I think that the environment is likely to play a role in modulating
mating behaviors (e.g., Kolluru & Grether 2005; Kolluru et al. 2009; Mobarak
2010; Devigili et al. 2013). Future experiments could explore a wider range of
dietary differences. It would also be helpful to know if mollies prefer one of the
two diets used in this study, suggesting that there could be important dietary
effects that selected for this preference (Ward et al. 2011). As female mate
choice is an important driver of mating success, one could also determine if
females can discriminate between males fed different diets (e.g., Fisher &
Rosenthal 2006) suggesting a cost to mating with a male who ate a particular
diet. Finally, social interactions play a large role in the expression of mating
behavior (e.g., Travis & Woodward 1989) in this species. Therefore, testing
social rearing environment and its interaction with diet may provide useful
insights into the evolution of these polymorphic mating behaviors.
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Table 4.4. Results of REML analysis testing the effects of genes (sire size class),
environment (diet) and gene by environment interaction with SL as a covariate on male
courtship displays with the removal of three outliers.

Trait

Source

d.f.

F

p

Displays

Sire Size

2, 68

0.558

0.575

Diet

1, 68

0.281

0.598

Sire Size x Diet

2, 68

0.933

0.399

SL

1, 68

3.795

0.056

Sire Size x SL

2, 68

2.115

0.129

Diet x SL

1, 68

0.720

0.399

Sire Size x Diet x SL

2, 68

0.830

0.440
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Appendix A

Male Boldness and Sociability

Methods

Predator and social group inspection was used as a measure of male
boldness and sociability, respectively, for males reared in the breeding design
(Conrad et al. 2011). A focal male was placed in the center compartment of a
75.8 liter, 3-chambered dichotomous choice tank (Figure A.1) and allowed to
acclimate for 24 hours. The tank consisted of one large center compartment for
the focal animal and two end stimulus compartments. The stimulus
compartments (14 liters each) were separated by plexi-glass that was sealed so
that no water exchange between compartments occurred thus providing the focal
males with only visual cues from the stimulus. The center compartment where
the focal male was housed was divided into three zones (two preference zones
and one neutral zone) by lines drawn on the front of the tank (Figure A.1). Each
of the preference zones (indicated by dashed lines) were 100 mm wide and
directly in front of a stimulus compartment. The neutral zone (250 mm wide) was
the area in between the two preference zones. An opaque black plastic sheet
was placed in each of the end chambers against the plexi-glass divider so that
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the two outside stimulus chambers were not visible to the focal male during the
acclimation time.
After the 24 hour focal male acclimation, the first stimulus was placed in
one of the side compartments. The other stimulus compartment was left empty.
The stimulus consisted of either a conspecific group of two males and two
females (one large individual and one small individual from each sex) or the
predatory Mummichog (Fundulus heteroclitus). Mummichogs are known to feed
on small fish such as mollies and overlap in range with sailfin mollies (Abraham
1985). After a 10 minute acclimation time, the two plastic sheets were removed
and the trial began. The time spent in each of the two preference zones as well
as the neutral zone were measured during a 10 minute observation period with
stopwatches. After the completion of the trial, the stimulus was removed and the
black plastic sheets were replaced. The focal male was then allowed a 4 hour
rest period followed by the same inspection test using the second stimulus. The
second stimulus was placed in the compartment that was blank in the previous
trial and the compartment that held the first stimulus was empty in the second
trial. Male order, stimulus side, stimulus order and tank were randomized and
have shown no effect on association time in previous trials (male order: p=0.5220.758; side: p=0.0765-0.102; stimulus order: p=0.089-0.332; tank: p=0.1320.607).
All statistical analyses were performed using JMP Pro version 10 software
(Cary, North Carolina). To determine the effects of genes (sire size class), the
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environment (diet) and gene by environment interaction, two REML models were
used. One had stimulus type as the covariate and the second used both
standard length and stimulus type as covariates. Family within sire size class
and family within sire size class by diet were considered random factors in the
model to control for family effects.
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Figure A.1. The three chambered dichotomous choice tank used in inspection behavior
trials. The preference zones are indicated by dashed lines. Only the predator or the
social group was present as the stimulus during each trial; the opposite end was left
without a stimulus.
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Results

A total of 80 male offspring were tested for boldness and sociability (Table
A.1). In both models, stimulus type was the only meaningful significant factor
(Tables A.2-A.3). Males spent significantly less time inspecting the predator than
the social group.
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Table A.1. Total number of sires and families for each size class as well as the number
of male offspring tested for boldness and sociability from each size class and diet.

Sire Size
Class

Sires

Small
(<30 mm)

3

Intermediate
(38-45 mm)

2

Large
(>48 mm)

3

Families

Diet

Male
Offspring

Control

14

Experimental

11

Control

10

Experimental

14

Control

19

Experimental

12

5

3

5
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Table. A.2. Results of the REML analysis testing the effects of genes (sire size class),
environment (diet) and gene by environment interaction with stimulus type (predator
versus social group) as a covariate on male inspection times.

Source

d.f.

F

p

Sire Size Class

2, 9

1.6006

0.2530

Diet

1, 147

0.9071

0.3425

Sire Size Class*Diet

2, 147

7.5952

0.0007

Stimulus

1, 139

187.1963

<0.0001

Sire Size Class*Stimulus

2, 139

2.3066

0.1034

Diet*Stimulus

1, 139

1.7061

0.1937

Sire Size Class*Diet*Stimulus

2, 139

0.9398

0.3932
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Table. A.3. Results of the REML analysis testing the effects of genes (sire size class),
environment (diet) and gene by environment interaction with stimulus type (predator
versus social group) and SL as covariates on male inspection times.

Source

d.f.

F

p

Sire Size Class

2, 9

2.1755

0.1712

Diet

1, 126

0.0174

0.8951

Sire Size Class*Diet

2, 125

2.1507

0.1207

Stimulus

1, 124

135.1052

<0.0001

Sire Size Class*Stimulus

2, 124

1.0205

0.3634

Diet*Stimulus

1, 124

1.3812

0.2422

Sire Size Class*Diet*Stimulus

2, 124

0.5741

0.5647

SL

1, 124

0.8068

0.3708

Sire Size Class*SL

2, 124

0.2432

0.7845

Diet*SL

1, 130

2.0924

0.1504

Sire Size Class*Diet*SL

2, 127

1.2225

0.2979

Stimulus*SL

1, 124

0.0894

0.7654

Sire Size Class*Stimulus*SL

2, 124

1.4897

0.2295

Diet*Stimulus*SL

1, 124

1.1175

0.2925

Sire Size Class*Diet*Stimulus*SL

2, 124

0.6725

0.5123
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Appendix B

Male Activity

Methods

Male activity was measured for offspring reared in the breeding design
from 14-minute sessions recorded with a digital camcorder (Sony Handycam,
DCR-HC96, Sony Electronics, Inc., San Diego, California, USA) of males alone
in their home tanks. A grid with one inch by one inch squares was placed on the
back of the tank and the number of times an individual crossed the line of a
square during the 14-minute session was recorded.
All statistical analyses were performed using JMP Pro version 10 software
(Cary, North Carolina). The square root transformed average activity time for
minutes 5-14 was used as the y-variable. To determine the effects of genes (sire
size class), the environment (diet) and gene by environment interaction, a REML
model was used with SL as a covariate. Family within sire size class and family
within sire size class by diet were considered random factors in the model to
control for family effects.
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Results

A total of 44 male offspring were tested for average activity level (Table
B.1). There were no significant effects of sire size class, diet, SL or any
interactive terms on the male average activity level (Table B.2).
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Table B.1. Total number of sires and families for each size class as well as the number
of male offspring tested for activity level from each size class and diet.

Sire Size
Class
Small
(<30 mm)

Intermediate
(38-45 mm)

Large
(>48 mm)

Sires

1

1

2

Families

Diet

Male
Offspring

Control

7

Experimental

4

Control

9

Experimental

10

Control

7

Experimental

7

2

2

3
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Table. B.2. Results of the REML analysis testing the effects of genes (sire size class),
environment (diet) and gene by environment interaction with SL as a covariate on male
activity.

Source

df

F

p

Sire Size Class

2, 4

0.223

0.8088

Diet

1, 8

1.5247

0.2508

Sire Size Class*Diet

2, 4

0.0475

0.9541

SL

1, 15

1.0869

0.3138

Sire Size Class*SL

2, 18

0.3497

0.7097

Diet*SL

1, 15

1.4846

0.2419

Sire Size Class*Diet*SL

2, 18

0.0085

0.9915
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Appendix C

Female Mate Choice

Methods

Virgin female offspring was tested for preference for large versus small
males using a 3-chambered dichotomous choice tank that allowed for both visual
and chemical (but not tactile) cues. A virgin female was placed in the center
compartment of the tank and allowed to choose between a large male and a
small male that were each located in one of the two stimulus compartments. For
ten minutes, the female and both males acclimated to the test chamber with
black partitions so that the males were not visible to the female. The partition
was then removed and the time the female spent in each of the two preference
zones as well as the neutral zone was measured for ten minutes using
stopwatches. The black plastic partitions were then put back in place, the males
were switched into the opposite compartment and the acclimation time and test
were repeated. The time spent with each male was averaged between trials for
analysis.
All statistical analyses were performed using JMP Pro version 10 software
(Cary, North Carolina). To determine the effects of genes (sire size class), the
environment (diet) and gene by environment interaction, two REML models were
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used. One had object male size (large versus small) as the covariate and the
second used both standard length and object male size as covariates. Family
within sire size class and family within sire size class by diet were considered
random factors in the model to control for family effects.

Results

A total of 76 female offspring were tested for their choice of large or small
males (Table C.1). In both models, object male size was the only significant
factor (Tables C.2-C.3). Females spent significantly more time inspecting the
large males than small males.
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Table C.1. Total number of sires and families for each size class as well as the number
of female offspring tested for preference from each size class and diet.

Sire Size
Class
Small
(<30 mm)

Intermediate
(38-45 mm)

Large
(>48 mm)

Sires

1

1

2

Families

Diet

Female
Offspring

Control

5

Experimental

12

Control

15

Experimental

13

Control

14

Experimental

17

2

2

3
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Table. C.2. Results of the REML analysis testing the effects of genes (sire size class),
environment (diet) and gene by environment interaction with object male size (large
versus small) as a covariate on male inspection times.

Source

d.f.

F

p

Sire Size

2, 140

0.007

0.9930

Diet

1, 140

0.4105

0.5228

Sire Size*Diet

2, 140

0.0219

0.9783

Object Male Size

1, 140

11.2457

0.0010

Sire Size*Object Male Size

2, 140

0.7378

0.4800

Diet*Object Male Size

1, 140

0.827

0.3647

Sire Size*Diet*Object Male Size

2, 140

0.7443

0.4770
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Table. C.3. Results of the REML analysis testing the effects of genes (sire size class),
environment (diet) and gene by environment interaction with object male size (large
versus small) and SL as covariates on male inspection times.

Source

d.f.

F

p

Sire Size

2, 128

0.0398

0.9610

Diet

1, 128

0.5215

0.4715

Sire Size*Diet

2, 128

0.0225

0.9778

Object Male Size

1, 128

9.6377

0.0023

Sire Size*Object Male Size

2, 128

0.9559

0.3872

Diet*Object Male Size

1, 128

1.0940

0.2976

Sire Size*Diet*Object Male Size

2, 128

0.4616

0.6313

SL

1, 128

0.5783

0.4484

Sire Size*SL

2, 128

0.2996

0.7416

Diet*SL

1, 128

0.5795

0.4479

Sire Size*Diet*SL

2, 128

0.1245

0.8831

Object Male Size*SL

1, 128

0.0150

0.9029

Sire Size*Object Male Size*SL

2, 128

0.4558

0.6349

Diet*Object Male Size*SL

1, 128

0.2438

0.6223

Sire Size*Diet*Object Male Size*SL

2, 128

0.3926

0.6761
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